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Im Rahmen dieser Dissertation wurde das Perylen−Derivat Dimethyl-
3,4,9,10−PerylenTetrakohlensäure Diimid (DiMe−PTCDI) als Zwischenschicht 
in Metall / organische Schicht / GaAs(100)−Heterostrukturen benutzt. Dünne Schichten 
von DiMe−PTCDI Molekülen wurden durch organische Molekularstrahldeposition (OMBD) 
im Ultrahochvakuum auf mit Wasserstoffsplasma behandelte GaAs(100)−Substrate 
(H+GaAs) hergestellt. Als Metallkontakt dieser organisch modifizierten Diode wurde Silber 
durch eine Lochmaske aufgedampft.  
 
Die so entstandenen Ag / DiMe−PTCDI / H+GaAs(100) Heterostrukturen wurden elektrisch 
charakterisiert, um den Einfluss von DiMe−PTCDI auf die Generation und Injektion 
von Ladungsträgern sowie den Ladungsträgertransport zu untersuchen. Verglichen wurden 
diese Ergebnisse mit Referenzdioden aus Ag / H+GaAs(100). Sowohl anorganisches Ag 
als auch n−GaAs (  ≥ 1 × 10DN 16 cm−3) stellen genügend Ladungsträger bereit, um gute 
Ladungsträgergeneration zu garantieren. 
 
Da der Ladungsträgerinjektionsprozess von der Ausrichtung der Energieniveaus zwischen 
den einzelnen Komponenten der Heterostruktur abhängt, wurden zusätzlich noch 
Photoemissionsmessungen (PES) auf H+GaAs(100) durchgeführt. Die PES−Messungen 
helfen dabei, Informationen über die Ladungsträgerinjektion zu gewinnen. Allerdings kann 
man aus den PES−Messungen alleine noch nicht auf den Ladungsträgertransport durch 
unbesetzte Zustände schließen. Deshalb wurden zusätzlich noch Strom−Spannungs (I−V) 
und Kapazitäts−Spannungsmessungen (C−V) durchgeführt. Dies ermöglich ein komplettes 
Modell der Energieniveaus der organisch modifizierten Schottky−Diode vorzustellen. 
 
Desweiteren wurden die elektrischen Ladungstransportmechanismen durch in situ 
Impedanz−Messungen und Transientladungspektroscopie (QTS) untersucht, um die 
Haftstellen und ihren Einfluss auf die Strom−Spannungskennenlinie von organisch 
modifizierten Dioden zu modellieren. 
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 Chapter 1 
 
Introduction 
 
Molecular organic (semi−)conductors have been studied for more than fifty years and exhibit 
many properties that still are far from understanding them as well as it has been achieved 
with inorganic materials [Wu2001]. Much work was and is done to use molecular organic 
semiconductors as the active component in (opto−) electronic and electrooptical devices 
[Kanicki1985, Horowitz1990]. An additional motivation stems from the academic point of view 
due to the molecular properties and the various open scientific questions [Zou2000]. 
Nowadays, the field of organic electronics has reached the point where several applications 
are routinely available for use, others are close to be commercialised, while others are 
in a design or testing phase for novel applications including nanoscale technologies. 
 
After the early successful commercialisation of organic photoconductors (OPC) 
[Dekker1993], a research topic that peaked in the 1980s, the final years of the last century 
where characterised by an exponentially increasing effort to bring devices based on organic 
materials into the market. Pioneering this trend, is the novel flat−panel display technology 
based on organic light−emitting diodes (OLED) [Sheats1996]. More recently, increasing 
performance of organic field effect transistors (OFET) has been achieved, where a primary 
motivation lies in the possibility of inexpensive solution processing [Huitema2002]. Patterning 
may be accomplished by low cost printing techniques such as stamping, ink−jet and 
screen−printing. Organic photovoltaics (OPV) are also subject of research for solar energy 
conversion [Brabec1999], and even more recently, crosspoint memory elements have been 
fabricated and shown to have promising bistable behaviour that would make them ideal 
components in non−volatile data storage arrays [Ma2002].  
 
This enormous progress in applications of organic materials in optoelectronic devices 
is mainly due to the fact that many aspects of organic device performance are already well 
understood, and have been thoroughly documented in the scientific literature. But besides 
the increasing understanding of some physical properties of organic materials, many others 
are not yet fully understood. For instance, the origin of the significant vacuum level offset 
observed at organic / inorganic interfaces, the charge injection process at interfaces between 
metal (or inorganic semiconductor) electrodes and organic semiconductors, among other 
phenomena, remain as topics of research. Part of the reason for the lack of complete 
understanding arises from the complexity of the interface, and the large number of chemical, 
structural, and morphological factors that affect the charge injection process. Another reason 
is the experimental difficulty of characterizing a buried interface, and the small ratio 
of molecules at the interface to molecules in the bulk [Campbell2003].  
 
Chaptt err   1..   II ntt rr oductt ii on  --   2  --   
  
Almost without exception, the basic structure of most of these devices consists of one or 
more layers of the active organic materials sandwiched between two electrodes. Fig. 1.1. 
shows the geometrical arrangement of a) an organic photoconductor (OPC), b) an organic 
light emitting diode (OLED), organic photovoltaic cell (OPV), or an organic crosspoint 
memory (ORAM), and c) an organic field effect transistor (OFET). 
 
 
 
a) b) c) 
Fig. 1.1. Typical commercially available optoelectronic devices involving the use of organic thin films. 
(After J. Campbell 2003). 
 
The different layers are optimised for carrier transport or efficient light emission. Independent 
of their metallic or semiconducting nature, electrodes either inject or remove charge from the 
devices and provide electrical contact with other components. Without going into details, 
it seems to be clear that efficient charge transport across the organic / inorganic interface 
is critical to the device performance, and the commercial success of organic electronics will 
strongly depend on making scientific progress in understanding the injection process and the 
nature of the junction. 
 
1.1 Organic / inorganic interfaces 
 
Currently, the performance of electronic circuits fabricated with organic−based components 
is not expected to compete with that of silicon, but the low cost and the possibility of printing 
circuits on various kind of substrates, including large area and mechanically flexible ones, 
suggest revolutionary applications. Frequently mentioned are radio−frequency or 
laser−based identification tags, attached to virtually every commodity: supermarket labels, 
identification cards, plastic paper, etc.  
 
The interface between the inorganic substrate, acting as support, template, or contact, and 
the organic material plays a key role in this context since it not only determines the structure 
and morphology of the organic film and hence its properties. It also strongly influences 
the electric and optical processes that occur at this interface, like charge injection 
or quenching of optical transitions. For instance, because of the different chemical bonding 
of different molecules at a metal or semiconductor surface, the band offset between the 
contact and the organic layer can be “tailored” by choosing a proper organic interface coating 
or film material [Zou2000].  
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However, the role of organic films is not properly passive.  There is also evidence that 
organic molecules deposited on solid surfaces can transfer molecular properties to the solid. 
Indeed, modifications of semiconductor or metal surfaces by molecules with systematically 
varying properties can lead to corresponding trends in the (electronic) properties of the 
resulting hybrid (molecule + solid) materials and devices made with them [Ashkenasy2002]. 
As examples, devices based on an “action at a distance” of carriers are cited. Such 
examples include molecule−controlled diodes and sensors, where the electrons do not need 
to go through the molecules. This point of view constitutes a new approach 
to molecule−based electronics: using the cooperative electron transport properties of metals 
(or inorganic semiconductors) and the controllable functional versatility of molecules. 
 
The use of organic molecules deposited onto flexible substrates is based on the structural 
flexibility of molecular thin films due to the closed shell nature of molecules and the weak 
intermolecular bonding, resulting in a variety of possible structures and combinations 
unmatched by any other class of materials. Apart from flexible (or plastic) substrates, 
in current applications metal and inorganic semiconductor substrates are used for growing 
organic molecules, both being relevant for the present work. In the next section, some 
aspects concerning metal / organic junctions will be mentioned and afterwards organic 
material / inorganic semiconductor junctions (OI) shall be considered. 
 
1.1.1 Metal / organic interfaces 
 
Metal / organic interfaces have received considerable attention in view of their dominant role 
in the injection of carriers into organic thin films [Salaneck1996]. Yet, in spite of the 
importance of contacts and heterojunctions, there is a general agreement in that only a few 
investigations have focused on the chemical, structural and electronic properties of such 
interfaces [Hirose1996, Chassé1999, Zou2000, Campbell2003]. It is also widely accepted 
that metal−on−organic systems are generally much more complex than the 
organic−on−metal systems and the results depend on the specific pair of materials 
[Ishii1999]. In many cases metal / organic pairs investigated by UPS showed a non 
symmetric shift in the vacuum level. Application of ultraviolet and X−Ray photoemission 
spectroscopies (UPS and XPS, respectively) to study deposition of metals on organic layers 
showed that chemical reaction and metal diffusion can readily occur at many interfaces. This 
is a very important factor at organic interfaces but makes the data analysis rather complex. 
Partially due to this, most studies have focused on organic−on−metal interfaces. 
 
The origin of the vacuum level offset is attributed to the formation of an interfacial dipole 
layer. For even the simplest case of a van der Waals solid on top of a non−reactive metal 
it remains a matter of investigation and debate [Campbell2003]. As possible factors forming 
and affecting the interfacial dipole layer are mentioned [Ishii1999]: a) charge transfer across 
the interface, b) concentration of electrons in the adsorbate leading to negative charging on 
the vacuum side, c) rearrangement of the metal cloud at the metal surface with the reduction 
of tailing into vacuum, d) strong chemical interaction between surface and the adsorbate 
leading to rearrangement of the electronic cloud and also the molecular and surface 
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geometries, e) existence of interface state serving as a buffer of charge carriers and f) 
orientation of polar molecules or functional groups. 
 
All the former considerations concern ideal junctions. In real devices there are additional 
factors that are either deliberately or accidentally introduced, but anyway they complicate the 
injection process. For instance, oxidation or contamination effects on the metal surface may 
lead to formation of an insulating layer between the two materials. Additionally, changes 
in the work function and therefore in the direction and intensity of the interface dipole 
are expected. Also formation of states in the HOMO−LUMO gap is not disregarded. There 
are virtually no systematic experimental investigations of these and many other effects, 
and many areas remain as a current or future research topic for organic−based electronic 
devices. 
 
1.1.2 Organic / inorganic (OI) semiconductor heterojunctions 
 
Besides metal / organic interfaces, organic / organic heterojunctions have also been 
extensively investigated for their role in carrier transport in multilayer light emitting structures 
[Rajagopal1998]. Organic / inorganic (OI) semiconductor junctions, however, have received 
only limited attention because they are not central to current devices [Hirose1994]. They 
could, however, become relevant to future hybrid OI devices requiring materials with 
complementary functionality which cannot be made with structurally incompatible inorganic 
materials [Chassé1999]. A major driving force in this area is the continuous quest to free 
microelectronics from the limitations imposed on it by Silicon and III−V technologies 
[Wu2001]. In order to pursue this goal, OI hybrid devices are intended to be fabricated, using 
controlled deposition of organic molecular thin films as an attempt for extending the 
properties of conventional semiconductors, and hence to take advantage of the individual 
properties of both materials. The main idea is to get control over the electronic properties 
of conventional semiconductor devices by means of the properties of a molecular layer at the 
interface in such devices. For a semiconductor, the relevant quantities are the electron 
affinity Sχ  and the band bending (built−in potential) . Changes in electron affinity can be 
based just on the intrinsic dipole moment of the molecules, but also it is possible that they 
occur with charge transfer. Fig. 1.2. shows how dipole layers can affect the energetics 
of n−type GaAs surfaces and interfaces. 
bV
 
 
a) b) c) 
Fig. 1.2. Interfacial energy profiles at the metal / GaAs contact.  (After Wu et al. 2001) 
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In Fig. 1.2a. a metal / GaAs diode is sketched. The respective vacuum levels of the materials 
are aligned and there is no dipole at the interface. In Fig. 1.2b. the situation of a monolayer 
of donor molecules is represented, leading to an interface dipole which increases 
the effective barrier height for injection of electrons from the metal into the semiconductor. 
In Fig. 1.2c. the complementary energy diagram for a monolayer of acceptor molecules 
is drawn. The situations illustrated in Fig. 1.2. can be rather more complex when the 
thickness of the organic layer is increased, and dipoles at both metal / organic and IO 
interfaces are formed. The effect of a layer of dipoles on the electric potential can become 
a “long distance” effect, rather than a local one [Ishii1999]. This is important as it allows 
for an “action at a distance” of the molecules, and the dipole effect will be operative as long 
as the molecular film has at least an average order, to the point of having a measurable net 
dipole. Therefore, and in contrast to other approaches to molecule−based electronics, there 
is no need for perfect, or near perfect, packing of molecules [Wu2001]. 
 
Modifying semiconductor surface properties via interfacial dipoles is not an unique possibility. 
It was also proposed to reduce the inherent density of surface defects of semiconductor 
surfaces by using the preferential adsorption of organic molecules on dangling bonds and 
defect sites on the semiconductor before completion of the first monolayer. The proposal was 
based on in situ Raman and Photoelectron Spectroscopy monitoring of the surface 
properties of GaAs, modified by sub−monolayer coverage of the archetype perylene 
derivative 3,4,9,10−perylene tetracarboxylic dianhydride (PTCDA) [Park2000, Kampen2001]. 
This is particularly important for GaAs which is characterised by the presence of a high 
density of surface states in the bandgap (~1013 eV−1cm−2) which pin the Fermi level close 
to midgap [Ye2003, Hou1997]. That is not the case of silicon−based semiconductor devices, 
which use the exceptionally favourable properties of the Si / SiO2 interface with much smaller 
interfacial state density at the level of 1010 eV−1cm−2 [Szuber1998]. 
 
Despite of the predominant use of GaAs as a material for high−frequency data transfer in the 
area of telecommunications, its performance its drastically reduced because of the presence 
of those surface and interface states. Such states act as recombination−generation (RG) 
centers reducing the carrier lifetime, which plays a crucial role in vertical cavity surface 
emitting lasers and heterojunction bipolar transistors. For both cases, RG centers cause 
current degradation [Sandroff1987]. Those centers are also an origin of photoluminescence 
quenching, and undesirable noise. It is achieved by randomly generating electron−hole pairs 
in excess, that increase the leakage currents in field effect transistors, solar cells 
and heterojunction photodiodes [Cappaso1982]. 
 
The main goal of surface passivation research is to understand the origin of such states 
and to eliminate them. In this way, several treatments have been suggested. They are mostly 
based on wet chemical etching processes, which demanded a lot of researching effort during 
the 60s and 70s decades for making GaAs competitive with silicon−based technologies. 
In this context, two passivation methods of GaAs based on sulphur wet etching 
and hydrogen plasma, will be discussed in this work. 
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As a new alternative, successful passivation of GaAs surfaces has been relatively recently 
claimed by using deposition of organic molecules. One of the approaches concerns 
deposition of Self Assembled Monolayers (SAMs)  of alkanethiols [Baum1999], 
mercapto−derivatives [Hou1997] and Benzoic acid derivatives [Bastide1997].  
 
During the subsequent exposition of this work, it will be shown how the deposition of the 
perylene derivative N,N´−dimethyl−3,4,9,10−perylenetetracarboxylic diimide (DiMe−PTCDI) 
onto sulphur passivated and hydrogen plasma treated GaAs(100) surfaces can modify 
its electronic properties, and hence modify the overall performance of organic−modified 
metal / GaAs diodes. For this purpose metal / organic / inorganic hybrid devices were 
produced in an ultra clean environment i.e. under ultra−high vacuum (UHV) conditions, and 
subsequently characterised in situ. 
 
For a thorough understanding of these devices a combination of electrical and spectroscopic 
techniques was used: UPS, XPS, Soft XPS, Near edge X−ray absorption spectroscopy 
(NEXAFS), current−voltage (I−V) and capacitance−voltage (C−V) measurements, charge 
transient spectroscopy (QTS), and impedance spectroscopy. The obtained information was 
complemented by AFM pictures, inverse photoemission spectroscopy (IPES) and optical 
absorption measurements. 
 
It should be mentioned in addition, that due to the good electrical passivation properties 
obtained for Schottky diodes between silver and Hydrogen plasma treated GaAs 
( Ag / H+GaAs diodes ), the emphasis of this work will be on the organic modification of such 
kind of diodes. As it will be shown in chapter 5, after suitable choice of the GaAs substrate, 
the hydrogen plasma treatment provides Schottky diodes with a huge ON / OFF ratio ( higher 
than 107 ), a very low series resistance (lower than 10 Ω ) and a stable I−V characteristics 
after exposure to atmosphere. All these features are ideal for exploring the consequences of 
modifying those diodes with organic molecules like DiMe−PTCDI. 
 
 
 
 Chapter 2 
 
Basic concepts regarding 
electronic transport in organics 
 
The present work deals with the modification of electronic properties of Ag / GaAs(100) 
Schottky diodes by deposition of an organic interlayer, namely DiMe−PTCDI, under UHV 
conditions. In this way, the constituent parts and interfaces of the whole 
metal / organic / inorganic device are characterised in situ by means of several electron 
spectroscopic techniques and electrical measurements. For understanding the whole 
performance of the device, the mechanisms for generation, injection and transport of free 
carriers through the heterostructure should be investigated. Most organic semiconductors 
should be really designated as insulators. They belong to the category of molecular crystals 
having a wide bandgap (> 2 eV) and low carrier mobility (<10−1cm2V−1s−1), among others. 
Thereby, generation and transport of free charge carriers in devices involving organic layers 
greatly differs from the well developed models applied to inorganic materials. Since silver 
and n−GaAs with a relatively high doping concentration (ND > 1×1016 cm−3) are the materials 
contacting the DiMe−PTCDI organic layer, the availability of generating free carriers 
is warranted.  However, issues related to the injection and transport of free carriers 
in organic−modified devices should be treated with care. In this chapter, basic concepts 
related to charge injection and electrical transport in organic semiconductors are presented. 
 
2.1. Localized and delocalised orbitals, electrons 
and states 
 
In inorganic semiconductors the structure is generally characterized by their strong covalent 
or ionic bonding between atoms in the lattice. So, the charge transport can easily take place 
through a strong exchange interaction of overlapping atomic orbitals in a close−packed 
structure. In organic semiconductors instead, the bonding is mainly due to Van der Waals 
forces between molecules and is therefore rather weak. Also overlapping of the molecular 
orbitals and intermolecular electron exchange are so small that the structure is not 
favourable for charge transport [Kao1981]. However, the intermolecular separation is large 
in molecular crystals so that the molecular energy levels are less disturbed. 
 
DiMe−PTCDI is a conjugated molecule that belongs to the family of perylene derivatives, like 
the archetype PTCDA molecule. Both are identified by a core formed by seven benzoic−like 
rings (see Fig. 4.4). The term “conjugated” refers to the regular alternation of single and 
double chemical bonds in the molecules characteristic of benzene (Fig. 2.1), which can be 
 
Chaptt err   2..   Basii c  conceptt s  rr egarr dii ng  ell ectt rr onii c  tt rr ansporr tt   ii n  orr ganii cs  --   8  --    
  
 
considered as the primary building block of perylene. The σ−orbitals are formed 
by hybridisation of s, px and py orbitals distributed symmetrically around the bond axis, giving 
localized C−C and C−H bonds occupied by the so−called σ−electrons. 
  
The pz orbitals overlap to form a 
π−orbital and the electron 
charge density is symmetrically 
distributed in two ribbon−type 
layers above and below the 
molecular plane. The 
π−electrons do not participate in 
any bonds and are delocalised 
over all the carbon atoms.  
Fig. 2.1. σ−hybrids and π−molecular orbitals in benzene. 
a) Localized σ−orbitals, b) Pz atomic orbital, c) delocalised 
π−orbitals with highest densities above and below the plane ring. 
(Thanks to G. Gavrila). 
 
So, they can move freely inside the molecule and are, therefore, sometimes called the 
mobile electrons or the unsaturated electrons, because they result from unsaturated bonds. 
Through such mobile π−electrons, electrical perturbations are easily transmitted from one 
part of the molecule to another. These π−electrons are also responsible for the propagation 
of chemical and physical interactions along the complete length of a large molecule in 
a biological system [Coulson1961]. The π−electrons are completely delocalised and mobile 
along the conjugated carbon atoms in any individual molecule, but for an injected excess 
carrier it is not easy to proceed from molecule to molecule in the crystal, because the 
overlapping of wave functions of adjacent molecules is small. Then, the time required for 
a resonance transfer of the excess carrier between adjacent molecules will be relatively long 
so that other transport mechanisms may take place more readily [Le Blanc1961]. 
 
2.2. Electronic structure of an organic solid 
 
When molecules come together to form an organic solid the electron structure becomes like 
that shown in Fig. 2.2. [Ishii1999].  
 
Fig. 2.2. Electronic structure of an organic solid represented by 
potential wells. (After Ishii et al. 1999). 
 
The effective potential well of 
an electron is formed by the 
atomic nuclei and other 
electrons. The wells of the 
nuclei are merged in the 
upper part to form a broad 
well. Deep atomic orbitals are 
still localized in the atomic 
potential well (core levels), but 
the upper ones interact to 
form delocalised molecular 
orbitals (MOs). The outermost 
horizontal part of the potential 
well is the vacuum level (VL). 
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The energy separations of the highest occupied MO (HOMO) and lowest unoccupied 
(LUMO) from the vacuum level (VL) are the ionisation potential (IP) and the electron affinity 
(χ) of the molecular solid, respectively. Since the molecules interact only by the weak Van 
der Waals interaction, the top part of the occupied valence states (or valence band) and the 
lower unoccupied states (conduction band) are usually localised in each molecule, with 
narrow intermolecular bandwidths (typically lower than 0.1eV) [Kao1981, Gutmann1967]. 
Thus, the electronic structure of an organic solid largely preserves that of a molecule and the 
validity of usual band theory (which assumes itinerant electrons) is often limited [Duke1980]. 
The electronic structure in an organic solid is usually simplified and presented as the one 
depicted on the right side of Fig. 2.2. The Fermi level  is also indicated there, since 
electrons fill the energy levels following the Fermi statistics. 
FE
 
2.3. Validity limits of the band model 
 
The assumptions used generally in the band theory [Slater1960] are: 
 
i. The use of one electron in a periodic potential (the one electron approximation) 
ii. The neglect of multiple structure on individual atoms, and 
iii. The treatment of the electron−lattice interaction as a small perturbation. 
 
Organic materials typically have carrier mobilities much lower than 100 cm2V−1s−1 and the 
normal carrier mean free path is shorter than the wavelength of thermal electrons. Then, the 
electron−lattice interaction would be so strong that the band description for such materials 
is inappropriate because of the violation of assumption iii) [Ioffe1967].  
 
The basic mechanism of charge transport in a crystal depends on the nature of the electron 
exchange interactions and the electron−phonon interactions. In inorganic semiconductors the 
electronic exchange interactions are much larger than the electron−phonon interactions, 
so that electrons behave as quasi−free particles occasionally scattered by phonons, and 
therefore the charge transport is coherent. In organic semiconductors the electron−phonon 
interaction has the same order or may dominate, making the assumption of coherent 
transport barely consistent [Glarum1963].  
 
In a band model, as a consequence of the uncertainty principle between time an energy, the 
mobility is proportional to the bandwidth. For organic materials with typical low mobilities it 
would result in narrow bands. The energy band model for organic solids based on the 
assumption of narrow bands has been discussed as early as 1954 [Meier1974]. However, 
the picture of delocalised orbitals and narrow bandwidths simultaneously is physically 
non−realistic, and this has led to the consideration of other models for electrical transport 
such as the hopping model and the tunnelling model. Although band structure calculations 
have been criticized for failure to take into account several important effects such as the 
lattice expansion, self−trapping and the hydrogen atoms, they can predict quite well many 
transport phenomena like the anisotropy of conductivity and mobility, the temperature 
dependence of mobility and the anomalous Hall effect [Kao1981]. 
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2.4. Tunnelling and hopping models 
 
The tunnelling model has been proposed and discussed by Eley et al. [1953] and is 
illustrated in Fig. 2.3. It assumes that one electron in a π−molecular orbital on one molecule, 
when excited to a higher energy level, can tunnel through a potential barrier to a 
non−occupied state of a neighbouring molecule with energy conservation in the tunnelling 
process. The probability for such an event is considered to be much higher than returning to 
its ground state, and is higher for electrons in the triplet state. 
 
 
The tunnelling electron would experience a 
potential which is the sum of the approximate 
Coulomb potential  due to a positive ion and 
the potential of electron affinity of the original 
neutral molecules. These potentials vary 
smoothly and are better approximated by a 
triangular barrier. This  model can predict the 
magnitude of carrier mobility and explain the 
anisotropy in conductivity, but fails in 
explaining the difference between electron 
and hole mobilities among other phenomena. 
 
Fig. 2.3. Electron hopping and tunnelling through 
a triangular potential barrier. (After Eley 1953). 
 
The use of the band model for electrical transport in materials with low mobility − i.e. narrow 
bands −  predicts that the absorption or emission of single phonons becomes impossible in 
view of energy and wave vector conservation. If there is phonon scattering in the narrow 
band, it must be a multiple−phonon process and the electron motion becomes random and 
incoherent. For this reason a hopping model may be preferable to the band model. A carrier 
can move from one molecule to another by jumping over the barrier via an excited state as 
shown in Fig. 2.3. 
 
The criterion to determine whether the charge transport in molecular crystals takes place 
coherently according to the band model, or by random jumps according to the hopping 
model, depends on the type of electron−lattice interactions. If the electron motion is so rapid 
that inter− and intra−molecular vibrations (with typical vibration periods of 10−12 and 10−14 s, 
respectively) cause negligible perturbation, the electron can be considered as a wave 
travelling over several lattice sites before being scattered and the band model is applicable. 
But if the molecule vibrates while the electron remains on a particular lattice site, the 
interaction of electrons and phonons may cause self−trapping in which the electrons polarize 
the molecules and are trapped in self−induced potential wells (polaron), leading either to 
random hopping or to tunnelling transport. For the former, the electron trapped in such a 
potential well requires an activation energy to surmount a barrier of a height equal to the 
binding energy of the polaron in order to move to the neighbouring site. 
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2.5. Dark electric conduction 
 
There has been considerable interest in the electric conductivity of organic semiconductors 
because the relationship between the electric conductivity and the chemical structure may 
lead to the understanding of biological systems and to the possibility for a synthesis 
of organic semiconductors for practical applications. The dark electric conductivity of most 
organic semiconductors experimentally measured using non−injecting (or slightly injecting) 
electrodes at low electric fields follows an Arrhenius type temperature dependence from 
which an activation energy can be deduced. However, the interpretation of this activation 
energy is not straightforward since electric conduction may involve various processes. 
Hence, assuming that mobility and density of states for charge carriers is independent of 
temperature in the measured range, the excitation energy is associated to thermal 
generation of carriers. Several mechanisms have been proposed: 
 
i. Bandgap transitions. 
ii. Thermal release of trapped carriers (from the trap level to the conduction band for 
electrons or to the valence band for holes). 
iii. Tunnelling or hopping through the barrier between molecules, and 
iv. The potential barrier between the electrode and the solid specimen that must be 
overcome for carrier injection (i.e. by thermionic emission). 
 
The interpretation of this activation energy is related to the structure of the solid, and usually 
involves the electrode / organic interface, meaning that it should be treated differently 
for every specific case. It is well known that the resistivity of aromatic hydrocarbons with the 
applied field parallel to the molecular plane is larger than that with the field perpendicular 
to it [Kao1981]. It is generally accepted that the anisotropy is due to the directional 
dependence of the overlapping of π−orbitals between neighbouring molecules, and therefore 
this phenomenon may be associated with the carrier mobility rather than the carrier 
concentration [Inokuchi1961].  
 
Many researchers have reported that the conductivity of some organic semiconductors under 
AC fields may be higher by several orders of magnitude than under DC fields [Huggins1963]. 
This phenomenon could be associated with the polarization of the molecules. In general, the 
conductivity decreases with increasing frequency in the case of band conduction process, 
while it increases with increasing frequency for hopping conduction processes [Pohl1965]. 
Taking this trend as an indication, the hopping conduction process occurs in many organic 
semiconductors.  
 
In organic polymeric semiconductors the intra− and the inter−molecular motion defines two 
stages in the movement of a charge carrier. The comparatively high conductivity and low 
activation energy of the intra−molecular transfer do not appear in DC measurements but may 
appear in AC measurements. In general, there is no experimental correlation between AC 
and DC conductivities ( DCAC σσ ≠ ), with ACσ  being less sensitive to temperature changes 
than DCσ . 
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The available experimental results about the frequency dependence of AC transport have 
revealed a considerable similarity of behaviour for a very wide range of materials, ordered 
and disordered, conducting by electrons, holes, ions, polarons, etc. involving various types 
of chemical bonds and various electronic energy level structures, expressed by the empirical 
relation for AC conductivity [Jonscher1972]: 
( ) nAC ωωσ ∝  (2.1) 
where n is not a constant for all substances, but is a function of temperature, approaching 
unity at low temperatures and decreasing to 0.5 or less at high temperatures. Other 
substances presents a slightly different behaviour with n ~ 2 at low temperatures followed 
by saturation (n ~ 0) at high temperatures.  
 
Based on a stochastic model of hopping in time and in space, Jonscher has explained the 
 dependence of conductivity as a consequence of a wide distribution of transition 
probabilities for charge carriers. Furthermore, carrier transfer through interfaces either 
between the specimen and electrodes or between grain boundaries in the bulk may also 
contribute to that behaviour. The  dependence of conductivity is considered as evidence 
of the presence of molecular dipolar loss mechanisms or two–centre hopping. In the limit 
of the high frequency  dependence, 
nω
2ω
2ω ( )ωσ AC  is practically independent of temperature, 
and this is explained in terms of tunnelling transitions between closely regularly spaced sites. 
The weak temperature dependence at low frequencies may be due to the effect of increasing 
thermal activation of the rate−limiting hopping process. 
  
2.6. Injection of carriers from electrodes 
 
Electrons injected from the cathode or holes injected from the anode result in space charge 
conduction. The injection may be thermionic, quantum mechanical tunnelling or via interface 
states. The charge injection process requires promotion of an electron or hole, from the 
contact (i.e. metal or semiconductor) into one of the charge transporting states of the organic 
material (HOMO or LUMO). Disorder, low bandwidth, electron−phonon interactions 
and temperature, all work together to localize charges in organic materials, and it is safe 
to assume in virtually every case of interest that charge carriers are localised at room 
temperature. Thus the primary injection event consists of a transition from an extended 
band−like state in the metal electrode into a localised molecular polaronic state in the organic 
material [Campbell2003]. 
 
Regardless of the particular theoretical approach used to calculate the injected current, 
it is clear that the relative energies of Fermi energy and the LUMO (or HOMO) of the organic 
compound in a metal / organic junction are critical parameters. In the same way, for an OI 
junction, the offset LUMO−CBM (conduction band minimum CBM in a semiconductor) 
and HOMO−VBM (Valence band maximum) are relevant. Ideally, these energy levels should 
be determined by independent energy spectroscopy (e.g. PES, IPES and / or electrical 
measurements). 
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Even if the energy levels in the various materials are known, there is generally an interfacial 
dipole [Seki1996]. The energy shift (vacuum level offset) depends on the detailed interaction 
between the metal (or inorganic semiconductor) and the organic, and must be measured 
separately for each metal−organic (or OI) combination. Finally, there is a potential energy 
due to the attraction by the charge left behind [Twarowski1982]. Since the electrode is highly 
conductive, this takes the form of an image charge and thus the potential energy is inversely 
proportional to the distance of the injected charge from the interface. The situation may be 
summarized with reference to Fig. 2.4. where the energy levels of an electron in the metal 
and in the organic layer are plotted. The energy levels of the localised states in the organic 
layer have four contributions: the (average) energy of the LUMO, the electrostatic energy due 
to any applied voltage, the potential due to the image charge, and a random energy 
distribution due to the inhomogeneity of the amorphous material.  
 
 
 
Fig. 2.4. Energetics of the charge injection 
process. (After Brütting 2001). 
The LUMO energy, in turn, has three 
contributions: the electron affinity of the 
isolated molecule, the nuclear relaxation 
energy of the anionic molecule, and the 
polarisation energy (both electronic and 
dipolar) of the surrounding medium. The 
primary event in the charge injection process 
is the tunnelling from an extended state of the 
metal into a localized state of the organic 
material. 
 
2.7. Charge carrier injection and transport 
 
There are two limiting regimes of device operation, namely space charge limitation and 
injection limitation to the current. The occurrence of space−charge limited currents (SCLC) 
requires that at least one contact has good injecting properties to provide inexhaustible 
charge reservoir. Injection limitation, by contrast, occurs if the injection barrier is so large that 
the injection current from the contact into the organic is sufficient to deliver the maximum 
possible SCLC in the material. At present, even for a given system, there is still an ongoing 
debate which mechanism prevails: injection limitation at the contacts or transport limitation 
in the bulk [Brütting2001]. 
 
Carrier injection into a semiconductor is usually treated either in terms of Fowler−Nordheim 
(FN) tunnelling or Richardson−Schottky (RS) thermionic emission. The latter is based in the 
emission of carriers over the top of the barrier formed in the junction between two materials, 
which is lowered by application of a external field E
r
. The current density  as a function 
of the field is given by: 
RSJ
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −−= kTEexpTAJ RS02*RS
rβφ   (2.2) 
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with A* being the Richardson constant, s
3
RS 4e πεβ = and 0φ  the zero−field injection 
barrier. The FN mechanism on the other hand, ignores Coulombic effects an considers mere 
tunnelling through a triangular barrier into the continuum states, 
⎟⎠
⎞⎜⎝
⎛−= Ee32exp
k
EeA
J 2
3
022
0
22*
FN
r
r
αφαφ
 
(2.3) 
with hm24 *πα = . Both concepts are under certain conditions appropriate to inorganic 
semiconductors with extended band states and large mean free path, yet it is not expected 
that they hold in organic semiconductors, where the average mean free path is of the order 
of the molecular distances. 
 
The existence of disorder in organic semiconductors constitutes an additional obstacle to be 
overcome by the injection barrier: to move away from the contact into the bulk, the carrier 
has to overcome random energy barriers caused by disorder. This leads to an enhanced 
backflow of injected carriers into the electrode. Monte Carlo simulations of the hopping 
process [Wolf1999] show that although this injection mechanism resembles RS thermionic 
emission, quantitative differences exist concerning the field and temperature dependence as 
well as the absolute value of the current. 
 
SCLC in a device can occur if at least one contact is able to inject locally higher carrier 
densities than the material has in thermal equilibrium without carrier injection. The basic 
equations governing the steady state behaviour for one−dimensional electron flow 
in insulators are [Lampert1970]: 
 
i. Drift−diffusion equation 
neDEenJ ∇−= rrr µ  (2.4) 
ii. Poisson equation 
( ) ( )∑ −+−=⋅∇
j
0,tjtj0
s nnnnE
e
rrε
  
(2.5) 
iii. Continuity equation 
0J =⋅∇ rr  (2.6) 
iv. Boundary condition 
∫ ⋅= d
0
sdEV
rr
  
(2.7) 
v. Electron free charge density, and 
⎟⎠
⎞⎜⎝
⎛ −=
kT
EE
expNn CFC  
(2.8) 
vi. Trapped charge density 
1
Ftj1
jtjtj kT
EE
expg1Nn
−
−
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+=  
 
(2.9) 
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where µ  is the carrier mobility, D  the diffusion coefficient, d  the thickness of the insulating 
layer,  the density of states in the conduction band,  the conduction band energy and 
 the position of the quasi−Fermi level.  and  denote the spatially varying free and 
trapped electron concentration in the 
CN CE
FE n tjn
j th set of traps with energy  and degeneracy  
(in most cases  = 1), respectively, and ,  are the corresponding thermal equilibrium 
values. If traps are distributed in energy rather than in discrete levels, then the sum in Eq.2.5 
has to be replaced by an integral over the energy. A frequently used distribution in the 
context of organic semiconductors is an exponential one, with a total trap density  and 
characteristic energy , 
tjE jg
jg 0n 0,tjn
tN
tE
)EE(
kT
EE
exp
E
N
)E(H C
C
t
t
t ≤⎟⎠
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⎛ −=  
 
(2.10) 
The eq.2.9 transforms in 
( )[ ]∫ ∞− − −+= C
E
F
1
t
t kTEEexpg1
dE)E(H
n  
 
(2.11) 
This set of differential and integral equations has analytical solutions only for some special 
cases. In the case of a perfect insulator without intrinsic carriers and traps and for a charge 
carrier mobility independent of the electric field, the SCLC obeys the Mott−Gurney equation 
[Mott1940] 
3
2
sSCLC d
V
8
9J µε=  
 
(2.12) 
This equation is derived neglecting diffusion and with the boundary condition that the electric 
field at the injecting contact vanishes, which leads to an infinitely high carrier density at the 
contact. The importance of the trap−free SCLC is that it is the maximum possible unipolar 
current a sample can sustain at a given applied potential difference. 
 
In the presence of traps the current is in general lower and the quadratic field dependence 
is retained in the case of discrete trap levels only or when all traps are filled. If traps are 
distributed in energy they will be gradually filled with increasing electric field and the current 
will increase faster than quadratic until all traps are filled. The problem has been solved 
analytically for the above given exponential trap distribution . In this case the 
so−called trap−charge limited current (TCLC) with the parameter 
)E(Ht
kTEl t=  derived from the 
trap distribution is given by [Lampert1970, Kao1981] 
( ) 1l2
1l1ll
t
s
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V
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1l2
1leN
l
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 Chapter 3 
 
Materials and measurement 
techniques 
 
This chapter deals with experimental details related to the fabrication and characterisation 
of metal / organic / inorganic devices. Characterisation of the individual components was 
performed by soft X−Ray spectroscopies, and their relevant electronic properties are briefly 
described. Special emphasis is put on the passivation procedures of the GaAs(100) 
substrate. In addition, the basic principles of the characterisation techniques and standard 
methodologies for data evaluation are presented. 
 
3.1 Assembly of a hybrid metal / organic / inorganic 
heterostructure. 
 
In general, an organic−modified GaAs(100) Schottky diode consists of a heterostructure 
as schematically shown in Fig. 3.1b.  
 
a) 
 
b) 
Fig. 3.1. Assembly for in situ characterisation by electrical measurements under UHV conditions 
 a) Reference Ag / H+GaAs(100) diode, and b) Organic−modified H+GaAs(100) Schottky diode. 
 
By comparison with a traditional metal / GaAs(100) junction (i.e. the reference diode shown 
in Fig. 3.1a. there is an organic layer deposited under ultra−high−vacuum conditions (UHV) 
between the metal and the GaAs(100) substrate. For building the assembly, a piece 
of GaAs(100) with a size of (8 mm × 7 mm) is cut from the wafer and selected as a suitable 
inorganic semiconductor substrate. The GaAs substrate is cleaned and chemically etched 
in order to remove the native insulating layer from the surface, with the goal of improving 
its surface electronic properties (see section 3.2). After that, the etched GaAs substrate 
is placed on a heated copper plate (~200ºC) containing a small amount of melted indium (In).  
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Using this procedure, the fitted I−V characteristics of the reference diode shows that In 
applied between Cu and H+GaAs(100) in the back contact results in an almost ohmic 
behaviour, with a small series resistance ~ 5 − 9 Ω (see chapter 5). Alternatively, the use 
of semi−liquid Ga−In alloy instead of pure indium equally results in an ohmic contact with 
a slightly higher series resistance ~ 15 − 20 Ω (see Fig. 5.2).  
 
After transferring into a vacuum chamber, the GaAs substrate normally requires annealing 
for completing the passivation procedure. When it is finished, the organic layer is deposited 
by organic molecular beam deposition (OMBD). The thickness of the layer is monitored using 
a quartz microbalance previously calibrated by comparison with the results of AFM 
measurements. For DiMe−PTCDI the sublimation temperature at a pressure of 5×10−10 mbar 
is ~ 280°C leading to a deposition rate of ∼ 0.5 nm / min. 
 
Finally, the top contact consist of a set of silver dots deposited by evaporation through 
a shadow mask onto the previously deposited organic layer. Normally, silver sublimation 
starts at 860°C at a pressure of 5×10−9 mbar with a deposition rate of ∼ 1.7 nm / min. 
The mask was designed for three different dot sizes (radius = 0.5, 0.4 and 0.3 mm, 
respectively) in order to check for surface leakage currents. On average, one sample 
contains between 20 and 25 diodes. The final assembly for the organic modified 
Ag / DiMe−PTCDI / H+GaAs diode is shown in Fig. 3.1b. 
 
3.2. GaAs(100) substrate. 
 
According to Szuber et al. the primary limitation to the application of GaAs in device 
technology has been the layer of native oxides that results from pre−processing wet chemical 
treatments [Szuber1998]. This is contrary to silicon−based semiconductor devices in which 
the silicon oxide (SiO2) overlayer acts as an ideal passivant for Si, not only reducing the 
interface state density (typically at the level of 1010 eV−1cm−2), but also protecting it from 
harmful effects caused by exposure to atmosphere. Unfortunately, the chemistry between 
GaAs and its native oxides does not lead to chemically stable and defect free interfaces 
[Spicer1980]. 
 
A relatively high surface and interface state density (Qss ~ 1013 eV−1cm−2) leads to strong 
Fermi level pinning around midgap, which is not compatible with metal−oxide−semiconductor 
(MOS) device operation because it impedes charge carrier density modulation upon the 
application of a bias voltage. Moreover, interface states act as recombination / generation 
centers which reduce the carrier lifetime, giving rise to degradation of current gain 
in heterojunction bipolar transistors [Sandroff1987]. They are also origin of the undesirable 
noise by randomly generating excess electron−hole pairs, which cause an increase 
of leakage currents in GaAs field effect transistors, solar cells and heterojunctions 
[Capasso1982]. Additionally, the chemical instability of the GaAs insulating surface often 
presents problems of manufacturing and long term reliability [Aydil1994]. For all these 
reasons, passivation of the GaAs surface has received great attention in the last two 
decades [Green1993]. 
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According to Spicer and Green, passivation must: 
• Prevent reactions between atmosphere (or any other overlayer) and the GaAs 
surface for the lifetime of the device (chemical passivation – hermetization). 
• Eliminate (if interface states are already present) and / or prevent interfacial state 
formation in the bandgap (electrical passivation). 
• Possess a sufficient barrier such that electrons will not be lost from the GaAs to the 
passivating layer.  
 
All these functions are almost fulfilled only for lattice matched semiconductor structures like 
AlxGa1−xAs / GaAs as well as for the Sb and S passivated GaAs surfaces. Since sulphur 
passivation of GaAs was established at the end of the last century as one of the most 
promising passivation methods [Szuber1998], it was applied in the present work. At the same 
time, a different passivation procedure based on hydrogen plasma treatment of GaAs 
(H+GaAs) was also attempted and –as it shall be shown in chapter 5− it probed to be as 
effective as, or even better than those based on sulphur chemical wet etching. Thus, most 
of the experiments concern to organic hybrid devices based on H+GaAs. The main results 
obtained for both surface treatments are shortly summarised in the next two subsections. 
 
3.2.1. Hydrogen plasma treatment of GaAs(100) 
 
High quality GaAs(100) wafers grown by Vertical Gradient Freeze method (VGF) [Gault1986] 
provided by MCP Wafer technology Ltd. were used as substrates. The VGF method 
is an improvement of the traditional Czochralski growth method that reduces the inherent 
density of defects in the GaAs substrate. Technical specifications of this GaAs substrate 
are described in appendix A. A lightly Si−doped n−type GaAs wafer ( ND < 2 × 1016 cm−3 ) 
was chosen due to its relatively low density of defects, good stability in the electrical 
response after application of AC voltages at different frequencies and also for having 
a correspondence with the classical theories based on the Maxwell−Boltzmann distribution 
statistics (see chapter 5). 
 
 
The GaAs pieces are degreased in 
consecutive baths of acetone, ethanol and 
deionised water at 50°C for 5 minutes 
each, and subsequently etched in HCl 
(38%) for 30 seconds and dried in a N2 
flow. An ohmic contact between GaAs and 
the copper plate (the back contact) is 
made by melting indium at 200°C under 
atmospheric pressure. After this 
procedure, the sample is transferred into a 
high vacuum chamber and annealed at 
350°C until a base pressure below 
6×10−6 mbar is achieved.   
Fig. 3.2. Remote hydrogen plasma geometry. 
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Then, hydrogen gas is introduced to the chamber, getting a final pressure 
of (6.5 ± 0.3) ×10−3 mbar. Afterwards, the remote hydrogen plasma is activated by applying 
10 kVAC for 30 minutes. Remote plasma means that the hydrogen ions (H+) are not directed 
towards the sample. Instead, the sample is placed at the border of a radial plasma 
(as sketched in Fig. 3.2.) where the etching due to the plasma treatment is expected to affect 
gently the surface of the GaAs(100) substrate. Details about experimental conditions 
are provided elsewhere  [Lindner2000]. 
 
Surface defects which degrade GaAs integrity are related to stoichiometric deficiencies. 
It is generally accepted from XPS [Spicer1979] and Raman studies [Schwartz1979] that the 
GaAs native insulating layer could be described as a mixture of several compounds including 
Ga2O3, As2O, As2O3, As2O5, GaAsO4, Ga(OH)3 and H3AsO3 or as non−stoichiometric ternary 
oxides [Hollinger1994]. The cleaning mechanism by atomic hydrogen was proposed 
by Akatsu et al. [Akatsu1999]. Arsenic oxide desorbs easily by heating and the GaAs surface 
becomes Ga rich. Therefore, the role of the H2 treatment is to remove not only the arsenic 
oxide but also the nonvolatile gallium oxide Ga2O3, which would otherwise remain. 
↑+↑→+ )As
2
1(AsOxHxH2OAs 422x2  (3.1) 
where x = 1, 3, or 5 stands for the various oxides of arsenic. Ga2O3 is decomposed as 
↑+↑→+ OH2)(OGaH4OGa 2232  (3.2) 
Ga2O becomes volatile at temperatures higher than ~200oC. Accordingly, exposure to H 
at temperatures below 200oC does not remove the Ga2O surface layer. Therefore, the 
temperature should be chosen to be above 300oC, so that Ga2O desorbs reliably. 
 
The effect of hydrogen plasma treatment on the GaAs surface was tested by XPS and I−V 
measurements and the results are compared to those obtained after etching the GaAs wafer 
in a HCl (38%) solution for 30 seconds. XPS measurements were performed in an 
ARUPS 10 system using the Mg Kα excitation line (hν = 1253.6 eV). The GaAs surface state 
was explored by examination of Ga3d and As3d core levels. Also, the presence of oxygen 
and carbon contaminants was monitored by recording spectra in the O1s and C1s regions, 
respectively. The spectra are shown in Fig. 3.3. 
 
The intensity of both Ga3d and As3d peaks ( ~ 19.5 eV and 40.7 eV binding energy, 
respectively [Wagner1979] ) is drastically increased after the hydrogen plasma treatment 
was performed on the annealed GaAs(100) substrate (at 350°C). This is a clear indication 
of removal of the insulating overlayer on the GaAs surface (probably due to the native 
oxides) that screens the Ga and As bulk signals. In addition, the full width at half maximum 
(FWHM) is reduced. In the case of Ga3d, the FWHM reduction can be attributed to the partial 
or even complete elimination of Ga2O3 and Ga2O compounds, which have the corresponding 
binding energies ∼20.4 eV and ∼19.8 eV [Mori2005]. For As3d,  amounts of As2O3 and As2O5 
(with the corresponding binding energies of ~ 44 eV and 45 eV) are eliminated or reduced 
after the hydrogen plasma treatment and the FWHM is consequently narrowed. This is also 
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confirmed by the elimination of the broad feature observed at 28 eV BE, which steams from 
L3M45M45 Auger transitions of As2O3 (1218.7 eV KE) and As2O5 (1217.4 eV KE) respectively. 
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Fig. 3.3. Comparison of HCl−etched GaAs and hydrogen plasma treated GaAs (H+GaAs) by XPS for: 
a) Ga3d, b) As3d, c) C1s and d) O1s core levels. The emission line is Mg Kα (hν = 1253.6 eV). 
 
As mentioned before, the annealing process at 350°C in addition to the plasma exposure 
should remove effectively the oxide overlayer on GaAs. The features shown in the C1s 
region stem mostly from Ga Auger transitions. For a Mg Kα source the Auger line 
Ga L3M23M451P has a binding energy of ~ 284 eV [Wagner1979]. The position of this Auger 
line screens the characteristic features of the C1s core level (~ 284.6 eV). However, a 
comparison between the two spectra shows again enhancement and narrowing of the Auger 
features indicating the elimination or reduction of carbon contaminants.  
 
Also, the presence of oxygen is monitored by examination of the O1s feature (~ 533 eV BE). 
Compared to the single HCl etching, the hydrogen plasma treatment reduces drastically 
the presence of oxygen to 20%, as judged from the area ratio before and after the treatment. 
The comparison shows that some amount of oxygen, and thereby an ultrathin layer 
of the native oxide still remains on the GaAs surface. However, as it will be shown later, 
the presence of this ultrathin oxide layer could not be detected by electrical characterisation. 
 
Chaptt err   3..   Matt err ii all s  and  measurr ementt   tt echnii ques --   21  --   
 
The combined effect of annealing at 350°C and hydrogen plasma treatment on the valence 
band spectrum is shown in Fig. 3.4. 
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Hollinger et al. [1994] made a systematic 
investigation of the shape of UPS valence 
band spectra in binary and ternary 
compounds of GaAs and InAs oxides. A brief 
comparison of the measured valence band  
spectrum show strong similarities with the 
shape and energy features of GaAs with a 
Ga(AsO3)3 overlayer. Unfortunately, there are 
no theoretical calculations that can support 
those assignments and therefore a precise 
origin of the experimentally exhibited features 
is not yet available. Fig. 3.4. Valence band spectrum of H
+GaAs(100) 
 
Consequences of HCl etching and subsequent hydrogen plasma treatment of GaAs(100) 
were also monitored by performing electrical measurements on Ag / GaAs(100) Schottky 
diodes. For doing that, I−V curves of three different samples were recorded (Fig. 3.5). 
The lowest curve corresponds to a degreased GaAs(100) substrate. The wafer piece was 
cleaned by dipping consecutively in ultrasonic baths of acetone, ethanol and deionised water 
for 5 minutes each. Then the sample was dried in an N2 flow, attached to a Cu plate by using 
a Ga−In alloy, and transferred to UHV. After that, silver dots were deposited and the device 
measured in situ. 
 
The whole curve for the degreased substrate shows a linear behaviour when it is plotted 
on a linear scale. A linear fitting results in an equivalent resistance of (3.91 ± 0.05) ×109 Ω, 
an extremely huge value for a diode of 7.85×10−3 cm2 area. It is due to the presence 
of the insulating native oxide layer forming two barriers at both contacts. The middle curve 
shows another substrate processed with the same method described above, but additionally 
it was etched with HCl (38%) for 30 seconds.  
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Fig. 3.5. Effect of HCl etching and Hydrogen plasma 
treatment on the I−V characteristics of Ag / GaAs. 
The I−V characteristics already shows 
the formation of a Schottky diode. The 
slope under reverse bias denotes the 
existence of leakage currents in the 
back contact attributed to partial 
removal of the native oxide layer. At 
small forward biases (~0.2 V) there is 
a characteristic knee indicating the 
existence of defects on the GaAs 
surface leading to trap states. 
Additionally, at forward biases higher 
than 0.5V the increasing rate of the 
current density is drastically reduced.  
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This behaviour is typical for blocking contacts and indicates that the insulating layer has not 
been completely removed. Finally, the upper I−V curve shows a GaAs(100) substrate with 
hydrogen plasma treatment and annealing. It illustrates the case of complete removal 
of the oxide layer. As it will be shown in chapter 5, the in situ I−V characteristics can be well 
ascribed to a nearly ideal Schottky diode with a barrier height of (0.79 ± 0.05) eV, ideality 
factor of (1.17 ± 0.02) and series resistance of 17 Ω.  
 
The introduction of hydrogen into GaAs is well known to passivate both shallow donor 
and acceptor impurities [Okumura1999]. In chemical wet processes, it was also discovered 
that hydrogen easily diffuses into GaAs even at room temperature [Tavendale1990]. 
As described in Fig. 3.6, when hydrogen impinges the GaAs surface, it results in (1) surface 
stoichiometry change, (2) introduction of near−surface defects and (3) deactivation of 
dopants and bulk defects. Surface stoichiometric changes were already discussed by 
examination of XPS spectra, leading to the conclusion that atomic hydrogen can be used to 
remove oxides and carbon−related contaminants. 
 
 
Now, regarding the near−surface induced 
defects, the experimental results suggest that 
such defects provide positive charges 
(donor−type defects) regardless of the 
substrate conductivity type [Shao1993]. That 
is because in a plasma processing with 
hydrogen and/or hydride gases, hydrogen 
atoms at high concentration (1019−1020 cm−3) 
are incorporated in the projected range 
(~10 nm), where various kinds of defect 
(point defects, dislocation loops, platelets and 
gas bubbles) might be formed [Pearton1992]. Fig. 3.6. Effect of hydrogen ions on the GaAs surface. (After Okumura 1999). 
 
Thus, surface defects with the opposite−type charge to the dopant will increase the effective 
barrier height. This situation is similar to a counter doping of the substrate. Since hydrogen 
deactivates both donor and acceptors, the depletion layer width will increase with 
concomitant decrease of the measured capacitance. Consequently, the estimated built−in 
voltage would become larger than the real one. In such case, the relationship VIVC −− > φφ  is 
observed (as shall be pointed out in chapter 5). 
 
Hydrogen is also known as a deactivator of deep defect levels. If the 
generation−recombination centers in the original crystal are deactivated by hydrogen, the 
reverse characteristics of the diode might be improved, i.e. the slope under reverse bias 
is decreased. For testing the stability of the Ag / H+GaAs(100) under atmospheric conditions, 
a comparison between in situ and ex situ measurements of the I−V characteristics was 
performed (Fig. 3.7). 
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When the sample was exposed to air and 
measured after 8 weeks, the I−V 
characteristics show basically the same 
barrier height value (0.79 ± 0.05) eV, 
indicating a very good passivation (i.e. stable 
under atmosphere conditions) of the 
GaAs(100) surface after the hydrogen 
plasma treatment. The slight decrease in the 
reverse current as well as the tiny increase in 
the current density for high forward biases 
are due to an ex situ improvement in the 
quality of the back contact, leading to lower 
series resistance (∼ 15 Ω). 
Fig. 3.7. Comparison of the in situ and ex situ I−V 
characteristics for an hydrogen plasma treated 
GaAs substrate. 
 
3.2.2. Sulphur passivation of GaAs(100) 
 
Passivation of GaAs(100) surfaces by an oxygen free S2Cl2 solution [Zahn2003] is known 
to be superior to other ammonium based wet chemical etching methods, such as (NH4)2Sx 
or Na2S9H2O aqueous solutions, in that it is very effective in removing the native oxide layer.   
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Fig. 3.8. XPS measurements of sulphur passivated GaAs(100) (S−GaAs) using Al Kα for:  
a) Ga3d, b) As3d, c) C1s and d) O1s core levels. 
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It passivates the surface at a fast and controllable rate and forms strong Ga−S bonds 
[Li1994a].  The cleaning procedure is checked by examination of Ga3d, As3d, C1s and O1s 
core levels in Fig. 3.8. The spectra were recorded using Al Kα as X−Ray source 
(hν = 1487 eV) and a CLAM4 analyzer of the Max Born Institute beamline located at BESSY 
synchrotron facility. By comparison with the XPS spectra of As3d and Ga3d core levels 
for hydrogen plasma treated GaAs in Fig. 3.3, there is an effective removal of the native 
oxide layer. This observation will be confirmed in Chapter 4, by performing a core level fitting 
of Ga3d and As3d spectra measured with higher resolution at BESSY. The features in the 
C1s and O1s regions correspond to As L3M45M45 and Ga L3M23M45 Auger transitions, 
respectively [Wagner1979]. 
 
Using core level spectra, Hohenecker et al. showed that the geometrical model for selenium 
passivated GaAs(100) (Se−GaAs) proposed by Pashley et al. [Pashley1994] can also 
be applied to a well ordered S−GaAs(100)−(2×1) surface [Hohenecker1998]. According to 
the model, the surface layer consists of a complete (2×1) layer of Se dimers sitting on top 
of a Ga layer. The next layer is an array of Se atoms that sit on top of a layer of Ga atoms 
and Ga vacancies. The Ga vacancies are located in a c(2×2) array such that half of the Ga 
sites are vacant. In analogy to the Se−GaAs(100) surface, the S2p core level can be fitted 
with two components (Fig. 3.9a). 
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Fig. 3.9. Soft XPS spectra of sulphur passivated GaAs(100) (S−GaAs) using synchrotron radiation. 
a) S2p core level at hν = 225 eV, b) Valence band at hν = 70 eV. 
The measurement was performed at the Russian−German beamline available at BESSY with 
a photon energy of hν = 225 eV. A Voigt profile with a Lorentzian contribution of 0.1 was 
used in the fitting. Also, the theoretical intensity ratio of the two components (1/2 for 
p−orbitals) and a spin−orbit splitting of 1.2 eV were employed. The component at higher 
binding energy is assigned to S atoms in topmost S dimer layer, while the second component 
(~160.7 eV BE) corresponds to formation of Ga−S bonds. In addition to the surface chemistry 
of the S−GaAs(100) surface, the electronic structure was investigated by recording spectra 
in the valence band region (VB) using synchrotron radiation with a photon energy of 
hν = 70 eV (Fig. 3.9b). Three valence band structures at around 4, 6, and 8 eV can be 
distinguished. The development of the VB structures is an indication of the improved surface 
ordering of the, most probably, Ga−S and S−S bonds [Park2002]. 
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Fig. 3.10. Comparison of the in situ and ex situ I−V 
characteristics for Ag / S−GaAs(100) Schottky diodes. 
 
As already pointed out by Szuber, one 
of the most common problems in 
sulphur passivation of GaAs is that this 
procedure does not sufficiently protect 
the surface from the atmosphere or 
other chemical environment 
[Szuber1998]. This observation is 
confirmed by direct comparison of the 
I−V characteristics of 
Ag / S−GaAs(100) Schottky diodes 
measured in situ and after subsequent 
air exposure (Fig. 3.10). 
 
In general, the rectification ratio is enhanced after exposure to atmosphere. Also, a lower 
current is observed leading to a slight increase in the effective barrier height of 30 meV. 
Additionally, the ideality factor is reduced. These observations suggest a reaction in the 
S−GaAs(100) surface involving oxygen and the formation of a thin insulating oxide layer that 
changes the barrier height. Thereby, sulphur passivation of GaAs results in formation 
of unstable surfaces leading to incomplete electrical passivation. 
 
3.3. The organic molecule: DiMe-PTCDI. 
 
Dimethyl−3,4,9,10−perylenetetracarboxylic diimide (DiMe−PTCDI) is a molecule which, 
besides the archetype 3,4,9,10−perylenetetracarboxylic dianhydride (PTCDA), belongs to the 
family of perylene derivatives. Their respective molecular structures are shown in Fig. 3.11. 
 
 
C24H8O6 
a) 
 
C26H14O4N2 
b) 
Fig. 3.11. Molecular structures of two perylene derivatives: a) The prototype PTCDA. b) DiMe−PTCDI.
 
Both molecules have a common structure consisting of 24 carbon atoms forming a planar 
perylene core composed by 7 benzoic−like rings and 4 C−H bounds. The distinctive feature 
of DiMe−PTCDI is the presence of two methylimide groups (N−CH3) connected to each side 
of the perylene core, whereas PTCDA has two anhydride groups (C−O−C). This tiny 
difference may introduce changes in molecular orientation, crystalline ordering and thereby 
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electronic structures depending on the substrate surface onto which the molecular crystal 
is grown. It is well known that PTCDA molecules deposited in vacuum on flat substrates form 
well ordered layers arranged in a herringbone pack structure with a distance of ~ 0.32 nm 
between adjacent molecules [Forrest1997]. The crystalline structure of PTCDA films 
is monoclinic with two molecules in a unit cell and has two polymorphs at room temperature, 
both lying almost flat on the lattice planes with only slight inclinations (~ 11o tilt angle) with 
respect to the substrate surface [Ogawa1999, Chizhov2000].  
 
 
 
Fig. 3.12. Three different views of the DiMe−PTCDI crystalline structure (Thanks to G. Gavrila). 
 
The crystalline structure of DiMe−PTCDI shown in Fig. 3.12 was first characterized 
by Hädicke et al. [Hädicke1986]. Like PTCDA, the planar perylene core has inversion 
symmetry (D2h) and forms a monoclinic structure with lattice constants a = 0.387, b = 1.558 
and c = 1.460 nm. The presence of the pendant N−CH3 group induces geometrical changes 
leading to a less packed structure and modifications in the molecular orientation 
[Glöckler1998]. These two last points and their possible consequences on the electronic 
transport properties will be discussed in this work. 
 
Fig. 3.13 presents photoemission spectra obtained for the highest occupied molecular 
orbitals (HOMO) of DiMe−PTCDI taken with an excitation energy of 55 eV, at the 
Russian−German beamline (RGBL) located at the BESSY synchrotron facility. For the 
assignment of the spectral features the experimental data are compared to results from 
molecular orbital calculations [Gavrila2002] using Gaussian 98 [Gaussian1998]. 
DiMe−PTCDI has 39 molecular orbitals in the energy range covered by the displayed 
spectrum. Here, only some representative orbitals are shown. The feature having the lowest 
binding energy is attributed to the HOMO and originates from a single molecular orbital. This 
orbital has π−character and is distributed predominantly over the perylene core. The small 
intensity feature at 6 eV binding energy is of similar character. The strong peak at a binding 
energy of 4.1 eV is characteristic for DiMe−PTCDI and stems from the σ−bonds in the imide, 
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carboxyl, and methyl groups. For binding energies above 7 eV mostly molecular orbitals with 
σ−character contribute to the spectra. 
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Fig. 3.13. Valence states of DiMe−PTCDI recorded at hν=55 eV. Energy position and shape of 
occupied σ and π molecular orbitals were calculated using Gaussian 98.(After Gavrila2002). 
 
One of the key characteristic properties for semiconductor materials is the transport bandgap 
because it governs the electronic properties of the organic modified device. The main 
difficulty in the assignment of transport states arises from the difference between optical 
and transport gaps for organic solids, due to localization of charge carrier in the molecule 
and the high polarization energy.  
 
Thus, the difference between the transport and 
the optical bandgap is attributed to the 
electron−hole charge separation energy (i.e. 
the exciton binding energy). The optical 
bandgap is deduced from the onset in optical 
absorption measurements. The position of 
transport states and mechanisms for charge 
injection are among the outstanding issues for 
exploiting organic devices [Tsiper2002]. 
Fig. 3.14 shows absorption spectra for both 
perylene derivatives deposited on quartz 
substrates [Friedrich2003]. 
Fig. 3.14. Optical absorption spectra of PTCDA 
and DiMe−PTCDI layers grown on 
quartz substrates. 
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The onset at low energy corresponds to the 0−0 transition of the Frenkel exciton 
and by analogy to inorganic semiconductors corresponds to the optical HOMO−LUMO gap. 
For PTCDA it has a value of 2.22 eV while it is 2.14 eV for DiMe−PTCDI.  
 
On the other hand, the transport gap is estimated by combining PES and IPES 
measurements. PES measures molecular states after removal of an electron, while IPES 
records molecular states after addition of an electron. Unfortunately, these transitions 
introduce polarisation and vibronic effects that affect the measurements and make the data 
interpretation not straightforward. By theoretical calculations, Hill et al. subtracted 
the vibration contribution and polarisation effects from the PTCDA HOMO−LUMO transport 
bandgap obtained by using both techniques. As a result, a charge separation energy 
of (0.6 ± 0.4) eV was determined [Hill2000]. Thus, the PTCDA transport bandgap would be: 
eV)4.08.2(6.022.2EEE Exciton
Opt
PTCDA
trans
PTCDA ±=+=+=  (3.3) 
Besides the poor resolution of the IPES technique and additional considerations provided 
by the combination of PES, IPES and I−V measurements, this value for the PTCDA transport 
band is revisited in this work. In addition, the transport HOMO−LUMO gap of DiMe−PTCDI 
will be estimated. 
 
3.4. Characterisation techniques and methods for 
data analysis 
 
The electronic properties of metal / organic / inorganic devices are studied by a combination 
of Ultraviolet Photoemission Spectroscopy (UPS) and electrical measurements (I−V, C−V 
and QTS). The UPS technique provides a partial picture about the energy level alignment 
by examination of the density of occupied states DOS. Carrier injection is determined by the 
energy level alignment, and therefore electrical characterisation i.e. current−voltage (I−V) 
and capacitance−voltage (C−V) measurements should help to complete the energy level 
alignment picture in the hybrid organic / inorganic device. In addition, information about 
transport mechanisms, i.e. trap levels or dielectric relaxation phenomena, is provided 
by Charge Transient Spectroscopy (QTS). All these techniques and the standard procedures 
for data analysis shall be briefly described. 
 
3.4.1. UPS and energy level alignment 
 
The UPS technique is based on the photoelectric effect. An ultraviolet beam generated 
by emission of a helium discharge lamp impinges on the sample (for He I the corresponding 
energy is hν = 21.22 eV). As a result, electrons are emitted and classified according to their 
kinetic energy. Thus, an UPS spectrum consists of a signal proportional to the number 
of emitted electrons as a function of their kinetic energy. Evidently, this technique only 
provides information about electron occupied states. Under equilibrium conditions, 
only states below the Fermi level can be detected. 
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For a metal, electrons with higher potential energy are located nearer to the Fermi edge. 
In order to detect these states, the electrons have to leave the solid. Such event costs 
an energy φm labelled as the work function (See Fig. 3.15). For semiconductors there 
are additional physical parameters for describing their electronic properties. Related with the 
energy bandgap, there are two important quantities: the ionisation potential (IP) and the 
electron affinity χs. The former is defined as the energy difference between the highest 
occupied states and the vacuum level. For inorganic semiconductors it corresponds to the 
energy offset of the valence band maximum (VBM) with respect to the vacuum level (VL), 
whereas for organic materials it is the offset between VL and Highest Occupied Molecular 
Orbitals (HOMO). The electron affinity χs is defined as the energy required for removing 
an electron from the top of the conduction band to the outside of the semiconductor (VL) 
[Singh1993]. It constitutes the electron transport level in inorganic semiconductors. 
By analogy, the electron affinity of an organic solid corresponds to the energy separation of 
the Lowest Unoccupied Molecular Orbitals (LUMO) from the VL [Ishii1999]. 
 
In heterojunctions involving organic materials (i.e. metal / organic, organic / inorganic) there 
is often a remarkable difference between the work functions of the materials. Normally, 
the difference is quite noticeable after deposition of the first monolayers and it is attributed 
to charge redistribution at the interface that leads to the formation of a dipole.  
 
 
 
Fig. 3.15. Definition of some 
semiconductor electronic properties. 
In Fig. 3.15 the interface dipole is sketched ignoring 
possible band bending effects in the junction. 
Assuming an elastic collision between photon and 
electron, the total incident photon energy is 
completely transferred to the electron. As a 
consequence, electrons in states near the Fermi 
edge will be detected as those with the highest 
kinetic energy in the UPS spectrum. At the same 
time, electrons that just could leave the solid (without 
kinetic energy) have only sufficient energy to 
overpass the potential for reaching the vacuum level. 
These states are recorded in the UPS spectrum at 
the low kinetic energy edge, and the associated 
potential (binding) energy is the difference between 
the photon excitation energy and the work function.   
 
When the UPS technique is applied to an inorganic (organic) semiconductor, the most 
energetic electrons stem from the VBM (HOMO) (see Fig. 3.16). From the discussion above, 
the methodology for obtaining the energy level alignment starts from the energy calibration 
of the spectra. It is performed by measuring a clean (usually sputtered) metal. The feature 
with highest KE stems from the Fermi level, which is defined as the zero binding energy.  
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According to energy conservation’s law and assuming an elastic photon−electron interaction, 
the excitation photon energy transferred to a detected electron is:  
BEKEh ++= φν  (3.4) 
 
Thus, the work function value φ, corresponding to those electrons reaching the vacuum level 
with KE = 0, can be obtained by the measured highest binding energy value. 
 
Fig. 3.16. Determination of energy level alignment from UPS. 
 
Once the φ value is established, the corresponding binding energy of subsequent spectra 
is completely determined. From there, the energy position of VBM and HOMO with respect 
to the Fermi level and detection of interface dipoles is possible. Unfortunately, UPS cannot 
detect unoccupied states such as CBM or states at the LUMO. Normally it is only possible 
to estimate their energy position when the bandgap is known. This is the case for inorganic 
materials but not so for organic ones. In those cases, complementary techniques 
are required.   
 
3.4.2.  Principles of NEXAFS spectroscopy 
 
One of the techniques that allows to investigate the unoccupied states of a molecular crystal 
or single molecules is Near Edge X−ray Absorption Spectroscopy (NEXAFS). Like UPS, 
this technique is based on the photon absorption as a primary event. However, the attention 
is not focussed on the electron−hole pair created by the photon−electron interaction, 
because it only takes place in occupied states and all the information of unoccupied states 
below the ionisation potential will be lost. Instead, Auger electrons or fluorescent photons 
associated with secondary processes of core hole annihilation are measured, because 
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the secondary de−excitation process involves intermediate transitions to unoccupied states. 
In particular for C, N and O atoms, the Auger electron yield is favoured over fluorescence 
yield by more than two orders of magnitude [Stöhr1996].  
 
Fig. 3.17 shows the schematic potential 
and NEXAFS spectra for a polyatomic 
molecule. The effective potential 
includes the centrifugal term 
[ ( ) 2r1ll +∝ ] which is relevant for 
molecules, and separates an inner well 
near the atomic positions from a 
shallower outer well. The inner 
molecular potential well contains all 
core (atomic−type) and valence 
molecular orbitals (MO’s) and the 
lowest energy Rydberg orbitals. 
Unfilled MO’s are indicated by an 
asterisk (e.g. σ* or π*).  
 
Fig. 3.17. Schematic potential (left) and K−shell NEXAFS 
spectra (right) of polyatomic molecules 
 
Resonances in K−shell NEXAFS spectra arise from electronic transitions from a 1s state 
to Rydberg or unfilled−MO final states. At the ionisation potential IP, corresponding 
to the threshold for transitions to continuum states, a step−like increase in X−ray absorption 
is expected. These effects lead to the characteristics features of molecular K−shell spectra 
shown schematically in the right part of Fig. 3.17. In addition to these “one−electron” 
features, other structures arising from “multi−electron” transitions may be observed. This 
introduces complications to the NEXAFS spectra interpretation. In addition, ionisation of the 
core level and further occupation of empty states introduces energy shifts. For these reasons 
a precise determination of the energy position of unoccupied states (e.g. LUMO) with respect 
to the Fermi level, is not straightforward. 
 
The link between K−shell spectra and the intramolecular structure already outlined point 
to the potential of near edge spectroscopy for investigating the internal structure 
of chemisorbed molecules. NEXAFS studies, however, are not without experimental 
and instrumental challenges. The small concentration of surface species demands the use 
of high photon intensities. The additional requirement of high spectral resolution can only 
be achieved, in the soft X−ray region, by monochromator optics with a small angular 
acceptance. These conditions are only fulfilled by synchrotron radiation sources. By taking 
advantage of the high degree of polarisation characteristic for synchrotron radiation sources, 
and that bonds and the associated MO’s in molecules are highly directional, NEXAFS 
spectroscopy is a quite powerful tool for determining molecular orientation of chemisorbed 
molecules. One application of this capability will be shown in chapter 4, for determining 
the molecular orientation of DiMe−PTCDI deposited on sulphur passivated GaAs. 
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3.4.3. Thermionic emission 
 
The energy band diagram for a metal and a n−type semiconductor forming an intimate 
contact is shown in Fig. 3.18 [Rhoderick1988]. Electrons pass from the semiconductor into 
the metal and the two Fermi levels are forced to coincide.  
 
 
Fig. 3.18. Main parameters in a 
metal / semiconductor junction 
 
This process originates from a charge redistribution 
leading to the formation of an electric field directed 
from right to the left. The negative charge on the 
metal resides only on the surface. Since the 
semiconductor is n−type, the positive charge will be 
provided by conduction electrons receding from the 
surface, leaving uncompensated positive donor 
ions in a region depleted of electrons (i.e. space 
charge region SCR of width W). Because the donor 
concentration ND is many orders of magnitude less 
than the concentration of electrons in the metal, the 
uncompensated donors occupy a layer of 
appreciable thickness W, and the bands are bent 
upwards.  
 
The difference  between the electrostatic potentials outside the surfaces of the metal and 
semiconductor is given by 
iV
EsVi
rr ⋅= ∆ , where sr∆  is their spatial separation and Er  the field 
between the two materials. For an ideal metal / semiconductor contact  when 0Vi → 0s →r∆  
and the barrier height bφ measured relative to the Fermi level is given by the Schottky−Mott 
rule: 
smb χφφ −=  (3.5) 
 
For the case of  junctions involving organic materials, the formation of interfacial dipoles 
is quite often observed, typically in the range of 1 nm far away from the interface 
[Campbell2003]. For those cases, Ishii et al. included explicitly the contribution 
of the interface dipole to the electron barrier height in an n−type semiconductor as 
[Ishii1999]: 
 
ismb V+−= χφφ  (3.6) 
However, the role of interface dipoles in the barrier height is still a subject of controversy and 
it shall be discussed further in chapter 6. The importance of the barrier height lies in that it is 
an important parameter that governs the carrier injection through a metal / semiconductor 
junction. Often it is deduced from evaluation of the I−V characteristics (a D.C. measurement), 
but its value can be reduced due to image charge effects. For this reason, and some other 
effects due to surface induced−defects that lead to departures from Eq.3.6, the barrier height 
value deduced from I−V measurements will be labelled as the “effective barrier height” effφ . 
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According to thermionic emission theory the I−V characteristics for an ideal 
metal / semiconductor junction (i.e. a  Schottky diode) with a barrier lowered by the effect 
of image charges is given by: 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−−⎟⎠
⎞⎜⎝
⎛=
kT
eVexp1
nkT
eVexpJJ s  
 
(3.7) 
where  is the saturation current density and n refers to the “ideality factor”, a parameter 
that accounts for the agreement between the experimental data and the behaviour 
of an ideal Schottky diode. According to eq.3.7. the  value is determined by the effective 
barrier height: 
sJ
sJ
⎟⎠
⎞⎜⎝
⎛−= ∗
kT
e
expTAJ eff2s
φ
 (3.8) 
where ∗A  is the Richardson’s constant which has a value of 4.4×104 Am−2K−2 at 300 K 
[Blakemore1982].  
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Based on eq. 3.7, both  and n values are 
obtained by extrapolating the plot of 
 
sJ
([ )]kTeVexp1Jln s −−  as a function of 
the applied bias (Fig. 3.19). A linear 
behaviour is expected for diodes obeying the 
thermionic emission theory. The slope allows  
to assess the ideality factor n and  is 
deduced from the intercept. In practice the 
saturation current density  is deduced by 
extrapolating the first portion of the I−V 
characteristics under forward bias, in order to 
find the value of the current at zero bias. 
sJ
sJ
 
Fig. 3.19. Evaluation of barrier height and ideality 
factor from I−V measurements 
 
The reason of this choice instead of extrapolating the current under reverse bias regime 
is because the small reverse bias current is quite sensitive to parallel resistance and leakage 
currents between diodes in the sample. For forward biases higher than ekT3V >  ( ~ 0.08 V 
at 300 K), equation 3.7. can be written in the simplified form: 
⎟⎠
⎞⎜⎝
⎛=
nkT
eVexpJJ s  
 
(3.9) 
This allows the barrier height to be estimated by direct extrapolation of the linear part 
in a semi−logarithmic plot of the I−V characteristics. 
 
3.4.4. C-V characteristics of a Schottky diode 
 
The depletion region of a Schottky diode behaves in some respect like a parallel−plate 
capacitor. However, the depletion region differs in that W is a function of the bias voltage and 
the charge is a space charge rather than a surface charge on the electrodes (see Fig. 3.20).  
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Fig. 3.20. Capacitance of an ideal Schottky diode at reverse bias
Measurements of the 
capacitance under reverse bias 
are used to give information 
about the barrier parameters. 
With increasing reverse bias, 
electrons in the conduction band 
of the semiconductor recede 
further from the metal and 
increase the depletion region 
width to WW ∆+ . The change 
of charge in the depletion region 
gives rise to a change in 
capacitance.  
 
In addition, there is a parallel conductance due to the reverse current of the diode, so the 
equivalent circuit consists of a capacitor in parallel with a resistor. There are three sources 
of charge in the barrier region:  
i. the positive charge due to uncompensated donors in the depletion region. 
ii. the positive charge due to holes in the valence band, and  
iii. the negative charge due to electrons on the metal surface. 
 
Usually, C−V measurements are performed by a superposition of a D.C. bias and a small 
sinusoidal AC signal. Under these experimental conditions and solving the continuity and 
Gauss equations, the specific capacitance C (i.e. capacitance by unit area) of the Schottky 
barrier as a function of the reverse bias V is obtained: 
2
1
0b
Ds
e
kTVV
2
Ne
C
−
⎟⎠
⎞⎜⎝
⎛ −+⎟⎠
⎞⎜⎝
⎛= ε  (3.10) 
where εs is the electrical permitivity of the semiconductor, ND  the doping concentration 
and Vb0  the built−in potential (or band bending) illustrated in Fig. 3.20 
 
Eq.3.10 shows that a plot of 
as a function of the applied 
voltage V should be a straight 
line (Fig. 3.21). From the slope, 
the donor density N
2C −
D  is obtained 
if the εs value is already known. A 
linear extrapolation of the 
experimental data leads to a 
negative intercept equal to ( )ekTV 0b −− . 
Fig. 3.21. Evaluation of C−V measurements 
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The barrier height is estimated by adding the built−in potential Vbo to the Fermi level position 
in the bulk of the semiconductor ξ : 
ξφ += 0bb V  (3.11) 
This last quantity can be found by determining ND  from the slope of the line and the effective 
density of states in the conduction band NC, since ⎟⎟⎠
⎞
⎜⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛=
D
c
N
N
ln
e
kTξ . 
 
3.4.5. Charge transient spectroscopy and trap detection 
 
When trap levels are present in the depletion region they contribute additional charge. 
If there are  states negatively charged when they are occupied by electrons (i.e. shallow 
level donor and deep−level acceptors), the donor density N
tn
D in eq.3.10. is replaced 
by . This expression highlights the time dependence of the capacitance. [ )t(nN tD − ]
 
 
a) b) c) 
 
d) 
 
e) 
 
Fig. 3.22. A Schottky diode for a) zero bias, b) reverse bias at t=0, c) Reverse bias at t→∞. Also, d) the 
applied voltage and e) the resultant capacitance transient are shown. 
 
Fig. 3.22. shows the change of the depletion region width W  for electron emission from 
traps. In transient measurements this time−varying width is detected as a time−varying 
capacitance. Based on eq.3.10, the explicit time−dependence of the capacitance 
is expressed as: 
[ ] ⎥⎦
⎤⎢⎣
⎡ −≈⎥⎦
⎤⎢⎣
⎡ −=⎟⎠
⎞⎜⎝
⎛ −+⎭⎬
⎫
⎩⎨
⎧ −=
−
D
t
0
2
1
D
t
0
2
1
0b
tDs
N2
)t(n
1C
N
)t(n
1C
e
kTVV
2
)t(nNe
C
ε
 
 
(3.12) 
where C0 is the capacitance of a device with no deep−level impurities at reverse bias –V.  
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For measuring carrier emission, the diode is initially in equilibrium (Fig. 3.22a). Following the 
pulse in Fig. 3.22d, majority carriers are emitted as a function of time (Fig. 3.22b). For traps 
in the upper half of the bandgap with electron emission much higher than hole emission 
( >> ), the time dependence of nne he t simplifies to [Schroder1998]: 
( )ett texpNn τ−≈  (3.13) 
 with ne e1=τ . This leads to an increasing transient capacitance as sketched in Fig. 3.22e. 
This behaviour is independent of the semiconductor type (n or p) and whether the impurities 
are donors or acceptors.  
 
The power of emission and transient capture analysis was achieved only in the 70’s with 
automated data acquisition. The first of these was Lang’s dual−gated integrator or double 
boxcar approach named deep−level transient spectroscopy (DLTS) [Lang1974]. Lang 
introduced the rate window concept to deep−level impurity characterisation. If the C vs. t 
(or Q vs. t) curve from a transient capacitance (charge) experiment is processed in such 
a way that a selected decay rate produces a maximum output, then a signal with decay time 
that changes monotonically reaches a peak when the rate passes through the rate window 
of a boxcar averager or the frequency of a lock−in amplifier.  
 
When observing a repetitive ( ) ( )[ ]τ∆∆ texp1CtC 0 −−=  transient through such a rate window 
while varying the decay time constant by varying the sample temperature, a peak appears in 
C∆  versus temperature plot. Such a plot is a DLTS spectrum. By analogy, the same method 
applied to charge transient measurement will be referred as thermal scan in charge transient 
spectroscopy (QTS). The basis of this thermal scan lies in the temperature dependence of 
the electron emission time constant as: 
 ( )[ ]
2
nn
tc
e T
kTEEexp
σγτ
−=   
(3.14) 
here  is the energy distance from the trap level to the conduction band, ( tc EE − ) nσ  the 
capture cross section and ( ) 2120*n2123c21thn Kscmmm1025.3TNTv −−−×=⎟⎠⎞⎜⎝⎛⎟⎠⎞⎜⎝⎛=γ , 
where  is the electron effective mass. It is also possible to implement a measurement 
methodology based on the opposite principle: the rate window is changed in a range of time 
constants while the sample is kept at constant temperature. The maximum will occur when 
the time constant selected by the filter coincides with the electron emission time constant 
*
nm
eτ . 
This kind of spectrum will be referred to as isothermal QTS scan. 
 
In isothermal spectra, eq.3.14. predicts a single time constant and thereby a single peak for 
a discrete trap energy level. The full width at half maximum of the peak is determined by the 
instrumental resolution. For cases in which there is a set of energy distributed trap levels, 
a broadening of the QTS peak is expected. An analysis methodology for cases of QTS data 
originated from Gaussian densities of states was proposed recently by Thurzo et al.  
[Thurzo2005a]. 
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The boxcar principle is illustrated by sampling the capacitance (or charge) at times  and  
(with ). The difference 
1t 2t
12 tt > )t(C)t(CC 21 −=∆  is a standard output of a double boxcar 
instrument. The temperature is slowly scanned while the device is repetitively pulsed 
between zero and reverse bias. There is no difference between the capacitance at the two 
sampling times for very slow or for very fast transients, corresponding to low and high 
temperatures. A difference signal is generated when the time constant is on the order of the 
gate separation , and the capacitance difference passes through a maximum as 
a function of the temperature. Thus, the incremental capacitance 
12 tt −
C∆  is given by: 
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛−−⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
e
1
e
2
D
T0 texp
t
exp
N2
nC
C ττ∆  
 
(3.15) 
Differentiating with respect to eτ  and setting the result equal to zero, the corresponding time 
constant max,eτ  at  maxC∆  is: 
( )12
12
max,e ttln
tt −=τ   (3.16) 
max,eτ  is independent of the magnitude of the capacitance and the signal baseline need not 
to be known.  
 
By generating a series of transient capacitance (or charge) curves at different temperatures 
for a given gate setting  and , one value of 1t 2t max,eτ corresponding to a particular 
temperature is generated, giving one data point on a ( )2max,e Tln τ  vs. T1 plot. In this manner, 
a series of points are obtained to generate an entire Arrhenius plot. According to eq.3.14, the 
trap distance to the conduction band ( )tc EE −  is deduced from the slope on the Arrhenius 
plot. 
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Fig. 3.23. Simulation of an isothermal QTS spectrum. a) Charge as a function of time in a linear scale 
showing the time constant when 63% of the total charge Q0 is reached. b) Isothermal QTS spectrum derived 
from the charge relaxation shown in a), using eq. 3.15 for t2 = 2t1. 
 
For illustrating the case of isothermal QTS spectra, a simulation based on eq.3.15 is shown 
in Fig. 3.23. The theoretical behaviour of the charge transient (in analogy to eqs. 3.12 
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and 3.13) for a time constant of 1×10−4 s is displayed in Fig. 3.23a. The boxcar integrator 
measures the charge at the times  and , with 1t 2t 12 t2t = . The time  is varied by the 
integrator in the range 1 µs−10 ms. 
1t
 
Subtraction of the measured charges using eq.3.15, leads to a peak with a maximum close 
to the expected time constant value as illustrated in Fig. 3.23b. There is a strong asymmetry 
in the QTS peak due to the two−sampling method suggested by eq.3.15. Refinements of the 
double boxcar method have been developed. In the present work, a boxcar sampling 
of the transient charge at three different times ( , 2  and 4 ) was used for recording QTS 
data. The use of a correlator with an output voltage proportional to the correlated charge: 
1t 1t 1t
)t4(Q2
1)t2(Q2
3)t(QQ 111 +−=∆  (3.17) 
leads to an almost symmetrical QTS signal which can be fitted very accurately with 
a Gaussian function: 
( )
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −−∝ 2
2
0
w2
xx
expQ∆  
 
(3.18) 
where ( stlogx 1= ) . The fit preserves the area of the QTS peak. A variance value 
of w = 0.33 is a signature of any discrete time constant of the relaxation. Thereby, for energy 
distributed trap levels the variance value obtained by fitting with Gaussian peaks is higher. 
The corresponding experimental details and mathematical expressions for data interpretation 
are published elsewhere [Thurzo2005b].  
 
In this work all the electrical measurements were performed in situ under ultra high vacuum 
conditions (UHV) with a pressure lower than 1×10−10 mbar. Current−Voltage characteristics 
were recorded using a Hewlett Packard system for semiconductor testing which controls a 
picoammeter HP4140B. Capacitance−voltage and impedance measurements were 
performed with the same HP system controlling the modules HP4061A and HP4061B, which 
allows to measure in the range of frequencies between 100 Hz and 10 MHz. For the QTS 
measurements an electronic filter with the correlation function given by Eq. 3.17 was used. It 
is controlled by a 80486 computer through a GPIB card. The UHV system was adapted for 
measuring temperature dependent measurements in the range between 200 K and 300 K. 
 
 
 
 Chapter 4 
 
Interaction between DiMe-PTCDI 
and sulphur passivated 
GaAs(100) surfaces  
 
The organic−induced modification of sulphur passivated GaAs(100) surfaces (S−GaAs) by 
deposition of DiMe−PTCDI layers is described in this chapter. The growth mode of the 
DiMe−PTCDI molecule on S−GaAs is monitored by a combination of AFM, photoemission 
and NEXAFS measurements. Changes in the surface electronic properties of S−GaAs after 
deposition of DiMe−PTCDI ultrathin layers were detected by photoemission experiments. 
Electrical characterisation of Ag / DiMe−PTCDI / S−GaAs devices was also performed. The 
results of all these studies are compared to previous ones obtained with the archetype 
perylene derivative PTCDA. 
 
4.1. Growth of DiMe-PTCDI on S-GaAs(100) surfaces 
 
4.1.1. Morphology deduced from AFM measurements 
 
In Figs. 4.1a − 4.1c. DiMe−PTCDI organic films grown on S−GaAs(100) were investigated by 
atomic force microscopy (AFM) measurements performed by members of the group 
Laboratorio de Nuevas Microscopías in Universidad Autónoma de Madrid. Images for 
organic layer thicknesses of 20, 53 and 200 nm are shown. The thickness was determined 
by making a profile along the line drawn on the image and it is used in the calibration 
procedure for in situ thickness monitoring with a quartz microbalance. The thinner layer 
shows needle−like organic crystals preferentially oriented with their long axis along the [011] 
substrate direction. This observation is in agreement with results of ellipsometry 
measurements, showing strong optical in plane anisotropy for DiMe−PTCDI [Friedrich2003]. 
Compared with a PTCDA film of similar thickness (Fig. 4.1d), the morphology of the 
DiMe−PTCDI crystal suggests an island−like mode leading to incomplete coverage. Instead, 
PTCDA films show a strongly packed granular structure, with an homogenously distributed 
morphology that agrees with the small anisotropy measured by ellipsometry in the substrate 
plane of S−GaAs. These differences in morphology suggest a different orientation of the 
molecules on the substrate surface. Both films exhibit a poly−crystalline structure. The 
average grain size for this small thickness of PTCDA is around 50 nm while DiMe−PTCDI 
forms crystals with dimensions larger than 200 nm. 
 
 
Chaptt err   4..   II ntt err actt ii on  bett ween  Dii Me-- PTCDII   and  S-- GaAs(( 100)) --   40  --   
 
300nm
 
a) DiMe−PTCDI 20 nm thickness  b) DiMe−PTCDI 53 nm thickness 
c) DiMe−PTCDI 200 nm thickness 
200nm
 
d) PTCDA 30 nm thickness 
 
Fig.4.1. AFM measurements of DiMe−PTCDI films grown on S-GaAs(100) for thicknesses of a) 20 nm, 
b ) 53 nm and c) 200 nm. The images are compared with d) 30 nm thick PTCDA films on S-GaAs. 
 
For 53 nm thickness of DiMe−PTCDI film, the measurements showed a peak−to−peak 
roughness of 23 nm, suggesting that at least a layer of 30 nm nominal coverage is needed 
for getting a compact layer on top of the sulphur passivated GaAs(100) substrate. On the 
thickest layer (200 nm) the formation of crystals longer than 1 µm, can be observed. The 
crystals still follow the edge of the wafer piece cut along the [011] direction. 
 
4.1.2. Ultrathin layers of DiMe-PTCDI on S-GaAs(100) 
 
The initial adsorption of DiMe−PTCDI molecules on GaAs surfaces was investigated by 
recording core level electron emission after excitation with soft X−ray synchrotron radiation 
( νh <100 eV).  As it is well known, the width of a core level line is determined by many 
factors: the intrinsic lifetime of the core hole, the instrumental resolution, the presence of 
satellites, disorder and potential variations across the surface which result in inhomogeneous 
band bending of the surface [Cardona1978, Moriarty1994]. For a detailed evaluation, the 
photoelectron As3d and Ga3d core level spectra were curve fitted assuming Voigt profiles 
− a Lorentzian convoluted with a Gaussian lineshape − and using a non−linear least−squares 
fitting routine. This procedure allows the natural broadening due to the finite lifetime of the 
core hole (with a Lorentzian shape) to be distinguished from all the other effects accounted in 
the Gaussian broadening. 
 
In the absence of covalent bonding upon deposition of a thin organic layer, only changes due 
to sample conditions can influence the broadening of core level spectra of a surface 
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component, since the instrumental resolution remains unchanged. Thus, changes in sample 
conditions after deposition of ultrathin DiMe−PTCDI layers occur as a result of changes of 
e.g. the surface defects density and the related inhomogeneous band bending [Cimino1995]. 
Those changes can be detected by photoemission measurements as an increase 
(or decrease) in the FWHM of the deconvoluted Gaussian component.  
 
 
Fig. 4.2. Inhomogeneous band bending and 
broadening of core levels in photoemission spectra. 
(After Cimino et al. 1995). 
In Fig. 4.2 there is an schematic view of 
an unpinned surface with some pinning 
regions due to surface defects. Around 
such regions a depletion region is formed 
in the x, y and z directions. Variations in 
the local charge distribution, and thereby 
in the electric potential, in the vicinity of 
the defects are expected. Thus, a core 
level will have different binding energies 
depending on the distance between the 
emitting atom and the pinned regions. The 
total emission measured by integrating in 
space over the entire surface is displayed 
on the left side of the picture.  
 
Fig. 4.3. shows the evolution of As3d and Ga3d core levels of S−GaAs after subsequent 
deposition of ultrathin layers of DiMe−PTCDI in a step−wise deposition under UHV 
conditions. The measurements were recorded at the beamline of the Max Born Institute at 
BESSY with a photon excitation energy of 80 eV and 60 eV, respectively. During the curve 
fitting, the Lorentzian linewidth, spin−orbit splitting and branching ratio were kept fixed at 
values providing satisfactory results over an entire series of spectra. These parameters are 
listed in table 4.1. The peak intensity, position and Gaussian linewidth were variable.  
 
Core level Ga3d As3d 
Lorentzian width / eV 0.1 0.1 
Branching ratio 1.58 1.50 
Spin−orbit splitting / eV 0.48 0.68 
Table 4.1. Fixed parameters for the fit of Ga3d and As3d core level spectra. 
  
All binding energies are given for the 25d  components of the spin−orbit split core levels 
relative to the Fermi level. The As3d core level spectrum of S−GaAs is characterized by a 
bulk feature at (41.32 ± 0.10) eV and a low intensity surface peak at lower binding energy 
(40.64 ± 0.10) eV. The Ga3d core level reflects Ga atoms in three different chemical 
environments: the GaAs bulk at (19.44 ± 0.10) eV BE, a GaS−like layer connected to As in 
the bulk with BE = (19.89 ± 0.10) eV (labelled as Ga2) and Ga bonded to sulphur atoms in 
the top most layer with (20.42 ± 0.10) eV BE (Ga3). 
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DiMe−PTCDI deposition onto sulphur passivated GaAs(100) surfaces does not introduce any 
dramatic change in lineshape of the Ga3d and As3d core level spectra, strongly indicating 
the absence of any chemical reaction of the molecules with the S−terminated surface. 
 
Fig. 4.3. As3d and Ga3d core level fitting of S−GaAs(100). 
 
However, a more subtle change is apparent, namely the shoulder at the Ga3d peak and the 
valley in the As3d spectra become clearer (see arrows in Fig. 4.3). The curve fitting 
underlines this result and it is illustrated in the linewidth of the Gaussian contribution for the 
corresponding core level in Table 4.2. 
 
Thickness / nm 0 0.3 0.7 2 
Gaussian FWHM of As3d / eV 0.60 0.54 0.54 0.54 
Gaussian FWHM of Ga3d / eV 0.56 0.55 0.52 0.51 
 
Table 4.2. Evolution of the Gaussian contribution as a function of DiMe−PTCDI thickness in curve 
fitting of As3d and Ga3d core levels of sulphur passivated GaAs(100). The uncertainty is 0.01 eV. 
 
While the relative peak positions of the two components remain constant within an error 
lower than 10 meV, the Gaussian broadening of the As3d is reduced by 60 meV, from 
0.60 eV to 0.54 eV, immediately after deposition of 0.3 nm of DiMe−PTCDI. For Ga3d the 
sharpening of the core level amounts to 40 meV after deposition of 0.7 nm of the organic 
layer. For higher DiMe−PTCDI coverage the Gaussian broadening remains constant.  
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It should be pointed out that a similar decrease in Gaussian broadening by 90 meV, was 
repeatedly observed in Se3d core level upon 0.3nm of PTCDA deposition onto 
Se−passivated GaAs(100) surfaces [Park2001]. Like Se−GaAs(100), sulphur passivated 
GaAs surfaces show a sharp (2 × 1) LEED pattern. A STM investigation [Li1994b] lead to an 
estimate of 1012 cm−2 surface defects which matches the density of dopant atoms on the 
surface at the doping concentration (3−6 × 1018 cm−3) used in that study. At the doping level 
of the tellurium doped GaAs(100) wafers used in this study (ND ~ 1 × 1018 cm−3), the number 
of dopants would also be ~1012 cm−2 among 6 × 1014 cm−2 surface atoms. That means that 
there is approximately one dopant atom in 300 surface unit cells.  
 
It is also well known that the PTCDA molecules preferentially adsorb on defect sites due to 
an enhanced interaction [Forrest1997a, Park2000]. If it were also the case for DiMe−PTCDI, 
a coverage of 0.7 nm would be sufficient to cover all defect sites induced by dopant atoms. 
Indeed, no more change is observed in the Gaussian broadening upon further DiMe−PTCDI 
deposition. Hence, like the PTCDA case, the sharpening of the core level spectra being 
indicative of a removal of inhomogeneous pinning is attributed to the preferential adsorption 
of these organic molecules on the defect sites. This result opens the possibility of using 
these perylene derivatives as probes for surface defect studies using high resolution 
photoemission experiments. 
 
4.1.3. Molecular orientation of DiMe-PTCDI on S-GaAs(100) 
investigated by NEXAFS 
 
The NEXAFS technique is a spectroscopy that probes the amplitude and directionality of the 
upper state molecular orbitals (MOs) on the excited atom [Stöhr1996].  
 
 
Fig. 4.4. Geometrical representation of MOs for 
perylene derivatives in terms of a σ* plane and a π* 
vector perpendicular to it. 
In an oversimplified view, single bonded 
molecules are characterised by a σ* 
orbital along the internuclear axis, 
double−bonded molecules by a σ* and an 
orthogonal π* orbital, and triple bonded 
molecules by a σ* and two mutually 
orthogonal π* orbitals. For perylene 
derivatives, the overlapping of σ* orbitals 
directed along the carbon atoms in the 
perylene core can be represented by a 
plane as illustrated in Fig. 4.4. 
Superposition of π* orbitals pointing in the 
same direction is described as a πr  vector 
perpendicular to the molecular plane.   
 
In a NEXAFS spectrum, the π* and  σ* resonances of interest are described in a molecular 
orbital picture as dipole transitions from s initial states to the p component of the π* and  σ* 
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final states. The intensity of the resonances I  is given by the oscillator strength, which is the 
energy integral of the X−ray absorption cross section xσ  
22
ipfe~ipefI
rrrr ⋅⋅∝  (4.1) 
where e
r
 is a unit vector in the direction of the electric field vector E
r
, p
r
 is the momentum 
operator, i  is the 1s initial state and f  the molecular orbital final state of the transition. For 
elliptically polarized synchrotron radiation from a bending magnet source the electric field 
vector has two phase−related orthogonal components of different magnitude. The larger 
component E
r
 lies in the horizontal orbit plane of the storage ring and the smaller 
component ⊥E
r
 is vertical (Fig. 4.5). For the RGBL beamline at the BESSY storage ring 
where the experiments were carried out, the vertical component is negligible and EE
rr ≅ . 
This results in linearly polarised light with a polarisation factor of 0.98. 
 
Due to the spherical symmetry of 1s 
orbitals, for those transitions arising from 
a 1s initial state to a vector final state 
(e.g. πr ), the matrix element ipf r  
points in the direction of the final state 
orbital πr , i.e. the direction of maximum 
orbital amplitude and eq. 4.1. takes the 
simple form: 
δπ 2*
2
cos~Iipfe ∝⋅ rr  (4.2) 
where δ is the angle between the electric 
field vector E
r
 and πr . Fig. 4.5. Laboratory coordinate system defining the 
geometry of a π* vector orbital on the sample surface. 
 
This result is illustrated in Fig. 4.6 for the case of a planar π* conjugated molecule (e.g. 
perylene derivative) lying almost flat on the sample surface.  
a) b) 
Fig. 4.6. Schematic diagram of the relative π* and σ* resonance intensities of a planar conjugated 
molecule lying  flat on the substrate surface, as a function of the incident angle of linearly polarised 
soft X−ray synchrotron radiation. 
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In Fig. 4.6a, the incident light is normal to the substrate surface and the electric field interacts 
with the plane formed by overlapped σ* orbitals. The corresponding σ* resonances, identified 
as broad features located at higher photon energies, are enhanced in the NEXAFS 
spectrum. π* orbitals are oriented almost perpendicular to the electric field and the 
associated resonances in the spectrum exhibit low intensity. An opposite behaviour is 
expected when the sample is rotated by almost 90 degrees (Fig. 4.7b). In general, Eq.4.2. 
should be expressed in terms of the laboratory coordinates (θ, α, φ). Here, the θ value is 
known by direct measurement of the incident angle of the synchrotron radiation, whereas α 
and φ are the wanted polar and azimuthal angles that identify the orientation of the 
DiMe−PTCDI molecule with respect to the sample surface of S−GaAs(100). This is done by 
taking advantage of the scalar product properties: 
π
πδ rr
rr
E
Ecos ⋅=  
 
(4.3) 
and expressing E
r
 and πr  in their Cartesian components ( )kˆ,jˆ,iˆ  as 
kˆcosEiˆsinEE θθ rrr +=  (4.4a) 
kˆsinjˆsincosiˆcoscos απφαπφαππ rrrr ++=  (4.4b) 
Thus, the intensity of the π* resonance in terms of the laboratory coordinates is given by: 
( )2* sincoscoscossin~I αθφαθπ +  (4.5) 
 
Since there are two unknown quantities, a series of 
measurements for the relative intensity of π* resonances at 
selected incident angles θ, are required for performing a fit 
that results in unique values of α and φ angles. Such an 
experiment was carried out by measuring two samples in 
which the DiMe−PTCDI organic film was simultaneously 
grown on differently oriented S−GaAs(100) substrates. 
Fig. 4.7. resumes the related experimental details. 
 
The GaAs wafer was cut in pieces, as indicated in the 
middle figure. Thus, some pieces (labelled as H) will have 
their long edge along the [  direction while the long 
edge of the remaining pieces (with label V) coincides with 
the 
]011
[ ]110 . So, the difference between them is equivalent to 
an in−plane rotation by 90 degrees. This difference will be 
relevant after the sulphur passivation procedure, which 
results in a (2 × 1) reconstruction of the GaAs substrate 
surface. The DiMe−PTCDI molecules are expected to keep 
the same orientation with respect to the reconstructed 
surface during the deposition. In that case, they can be 
modelled by assignment of the azimuthal angles φ and 
(φ + 90°) respectively, φ being measured with respect to the 
 direction.   [011]
Fig. 4.7. Orientation of the 
GaAs(100) substrates for 
NEXAFS measurements 
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Evolution of NEXAFS spectra as a function of the incident angle θ, for a 10 nm thick 
DiMe−PTCDI film deposited on S−GaAs(100) is shown in Fig. 4.8. All the spectra were 
normalized with respect to the intensity at 315 eV photon energy. For background 
subtraction, the NEXAFS spectrum of a bare S−GaAs(100) substrate was employed. σ* 
resonances (near 300 eV photon energy) are clearly distinguished from the π* ones (below 
287 eV) due to their asymmetric line shape. For the sample with the horizontal axis along the 
 direction (left) a decrease in the intensity of the π* resonances is observed when the 
incident angle is increased. Instead, σ* resonances show opposite trend. This observation 
qualitatively validates the representation of the DiMe−PTCDI molecule as a σ* plane 
perpendicular to a π* vector (See Figs. 4.4 and 4.6). 
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Fig. 4.8. Angular dependent NEXAFS spectra for a 10 nm thick DiMe−PTCDI film deposited on two 
differently oriented GaAs(100) substrates. The crystalline direction along the laboratory x coordinate is 
shown. 
 
When the sample is rotated by 90 degrees (Fig. 4.8, right) strong π* resonances are 
observed, which increase with increasing the incident angle. This observation suggests that 
for this measurement, the πr  vector should be almost coincident with the horizontal axis x in 
the laboratory coordinate system. This means that the molecular plane, located 
perpendicularly to it, should be near to the [ ]011  direction. The tilt angle of the molecular 
plane α, and the projection φ of the long axis of the molecular plane onto the substrate can 
be obtained from a simulation. The maximum intensity  of the π* resonances (located at 
282, 283 and 285 eV) was observed for the sample oriented along the  axis at an 
incident angle of 25°. 
max
*Iπ [011]
 
Fig. 4.9 shows the intensity of π* resonances for each incident angle divided by . 
Continuous lines are results of the calculation using eq.4.5. with θ and φ values that fit best to 
the experiment. 
max
*Iπ
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Fig. 4.9. Intensity ratio of π* resonances with respect to the maximum observed (Imax = 1) as a function of 
the incident angleθ. Different symbols denote different samples. 
 
An average tilt angle of θ = 56° ± 5° of the molecular plane was obtained when the in−plane 
projection angle is φ = −7° ± 3° with respect to the [011] axis of the GaAs substrate. The 
results are in quite good agreement with evaluation of ex situ Raman, Infrared and 
ellipsometry measurements shown in table 4.3 [Friedrich2003]. 
 
Angle / deg NEXAFS Infrared Raman 
θ 56 ± 5 62 ± 6 56 ± 4 
φ − 7 ± 3 − 12 ± 3 − 7 ± 5 , − 48 ± 11 
Table 4.3. Angles defining molecular orientation of DiMe−PTCDI / S−GaAs(100) as determined by 
several experimental techniques and analysis methods. 
 
4.1.4. Molecular ordering of DiMe-PTCDI films grown on sulphur 
passivated GaAs(100) 
 
In analogy to the case of inorganic semiconductors, the molecular ordering of DiMe−PTCDI 
is deduced after analysis of valence band spectra. The self−assembling of organic materials 
enhances the π−orbital overlapping, which can be explored by investigating the energy band 
dispersion for wave vectors varied along the direction perpendicular to the sample surface. A 
set of valence band spectra taken at selected excitation energies in the range 30−90 eV are 
shown in Fig. 4.10. Here are shortly presented the conclusions derived from the data 
analysis performed by G. Gavrila [2006]. The HOMO peak position exhibits a small energy 
dispersion of around 0.2 eV attributed to the intermolecular π−π interaction. HOMO−1 shows 
smaller dispersion due its predominant σ−character. Assuming the three−step model for the 
photoemission process [Seki1986], the measured energy shift is represented in terms of a 
wave vector dispersion by: 
 
if EhE += ν  (4.6a) 
if kGk
rrr +=  (4.6b) 
0
2
f
2
f V*m2
kh
E +=  (4.6c) 
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where fifi k,k,E,E
rr
 are the electron energies and wave vectors before and after 
photoexcitation in the solid, and G
r
 is a reciprocal lattice vector. 
Fig. 4.10. Energy dependent valence band 
spectra of DiMe−PTCDI 
 
Eqs. 4.6a and 4.6b express energy and momentum 
conservation laws while 4.6c refers to a quasi−free 
electron final state in the solid with a constant inner 
potential . 0V
 
By analogy to the Hückel theory [Pireaux1974] the 
energy HOMO dispersion  is obtained by 
assuming molecular units along one axis with period 
a. The interaction energy takes place through the 
transfer integral t with the nearest neighbours, and 
is expressed in terms of the normal component of 
the wave vector  as: 
BE
⊥a
( )0B* VEhm2k −−=⊥ ν  (4.7a) 
( ) ( )⊥⊥⊥ ⋅+= kacost2EkE 0BB rr  (4.7b) 
 
Taking into account the tilt angle of the 
DiMe−PTCDI molecule obtained by NEXAFS, the 
lattice spacing normal to the surface is estimated to 
be 3.9 Å, as sketched in Fig. 4.11a. Eqs. 4.7. were 
used for fitting the experimental data in Fig. 4.11b.  
 
The energy band dispersion was extended over the 4th, 5th and 6th  Brillouin zones, and the 
best fit was obtained by setting = −5.3 eV and t = 40 meV. These values are close to 
those observed for PTCDA [Yamane2003]. 
0V
                                  a)                                                                          b) 
Fig. 4.11. a) DiMe−PTCDI crystal plane and the relative orientation of the molecules with respect to 
the S−GaAs(001) substrate. b) Experimental dispersion for the HOMO band (filled circles) and the 
best fit curve (broken line) in the tight−binding model. (After Gavrila2006). 
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4.2. In situ current-voltage (I-V) measurements on 
Ag / DiMe-PTCDI / S-GaAs Schottky diodes 
 
During the early stage of the field of organic modified diodes, Forrest et al. used PTCDA and 
DiMe−PTCDI for modifying metal / GaAs Schottky contacts [Forrest1984, Forrest1985]. From 
their ex situ I−V measurements they determined effective barrier heights which are, in most 
cases, larger than what can be obtained from unmodified metal / GaAs diodes. However, the 
behaviour of the same devices greatly differ when they are measured in situ. 
 
The case of DiMe−PTCDI organic modified Ag / S−GaAs diodes is depicted in Fig. 4.12a, for 
organic layer thickness up to 60 nm [Zahn2003]. Clearly the current is larger for all diodes 
that contain DiMe−PTCDI interlayers than for the reference one. Therefore the effective 
barrier height is lowered for all interlayer thicknesses as can also be seen in the plot of 
effective barrier heights versus interlayer thickness in Fig. 4.12b (lower panel). Here the 
barriers were derived from the saturation current extrapolated to zero bias employing 
thermionic emission theory. For comparison, the barrier height of PTCDA modified S−GaAs 
diodes measured in situ by former members of the Halbleiterphysik group in TU−Chemnitz, is 
shown in the upper panel of Fig. 4.12b [Park2002, Kampen2002]. This immediately indicates 
that in contrast to the PTCDA case, for DiMe−PTCDI modified diodes there is no additional 
barrier at the interface. 
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Fig. 4.12.a) In situ I−V characteristics of Ag / DiMe−PTCDI / S−GaAs diodes for several interlayer 
thicknesses. b) The effective barrier height as a function of the organic layer thickness for PTCDA and 
DiMe−PTCDI organic modified S−GaAs(100) diodes. 
 
The explanation of the observed behaviour for both types of organic modified Schottky 
diodes lies in the energy level alignment obtained by UPS measurements (Fig. 4.13) 
[Kampen2002, Zahn2003]. Since the energy difference between HOMO and VBM is more 
than 1 eV, only electron transport is considered. Regardless of the role of interface dipoles, 
the barrier at the interface is determined by the offset between LUMO and CBM. For PTCDA 
modified diodes the initial increase in the effective barrier is attributed to the LUMO position 
located approximately 150 meV above CBM with respect to the Fermi level. For 
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DiMe−PTCDI the LUMO position is estimated to be aligned or slightly below the CBM of 
S−GaAs.  
 
 
Fig. 4.13. Energy level alignment on PTCDA and DiMe−PTCDI modified S−GaAs Schottky diodes 
proposed after evaluation of combined UPS and I−V measurements.   
 
For both types of organic−modified diodes there is an observed increase in the current 
density with increasing thickness of the organic layer, i.e. a subsequent decrease in the 
effective barrier height. This is explained in terms of an increase in the image force effect 
[Rhoderick1988] resulting from the low dielectric constant value of the organic layers.  
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Fig. 4.14. I−V characteristics and effective barrier height derived for hydrogen plasma treated 
GaAs(100) Schottky diodes modified for organic films of PTCDA. (After Lindner et al. 2000).  
 
For PTCDA a value of the dielectric constant PTCDAε  = 2, in the direction perpendicular to the 
molecular plane was reported [Forrest1997]. This value is around six times lower than GaAs 
( GaAsε  = 13.1). The barrier height lowering of PTCDA modified S−GaAs diodes amounts to 
180 meV and coincides with the measured one by T. Lindner for hydrogen passivated GaAs 
Schottky diodes (H+GaAs) shown in Fig. 4.14 [Lindner2000]. These results suggest the 
possibility of controlled tuning of the effective barrier height of Ag / GaAs(100) Schottky 
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diodes modified by introducing the perylene derivatives PTCDA and DiMe−PTCDI as organic 
interlayers.  Some aspects regarding the role of interface dipoles at the metal / organic and 
organic / inorganic interfaces, the link between spectroscopic techniques (e.g. PES, IPES) 
and electrical measurements (I−V, C−V, QTS) as well as transport mechanisms will be 
discussed in the next chapters by examination of several Ag / DiMe−PTCDI / H+GaAs(100) 
devices and comparison with those presented in the current chapter. 
 
4.3. Summary of the Chapter. 
 
The growth mode of DiMe−PTCDI on S−GaAs(100) has been monitored by combination of 
AFM, NEXAFS and energy dependent PES experiments. The organic molecule grows in an 
island−like mode, forming well ordered crystals as can be deduced from the energy 
dispersion of HOMO. The  crystals are oriented in such a way that the molecular plane is 
tilted by ~ 56º with respect to the surface substrate.  Additionally, I−V measurements on 
Ag / DiMe−PTCDI / S−GaAs(100) Schottky diodes were performed as a function of the 
organic layer thickness. Compared to those obtained by PTCDA modified Ag / S−GaAs, the 
DiMe−PTCDI modified devices showed a gradual increase in the current density associated 
to lowering of the effective barrier due to image force effect. An energy level alignment is 
deduced by combining UPS and I−V measurements. The results open the possibility of 
thickness controlled tuning of the effective barrier height in GaAs based Schottky diodes by 
using these perylene derivatives. 
 
 Chapter 5 
 
The Ag / H+GaAs(100) Schottky 
reference diode 
 
In order to characterize the properties of organic DiMe−PTCDI modified Schottky diodes, first 
a study of the unmodified Ag / H+GaAs(100) diode is performed. The results of electrical 
measurements (I−V, C−V, impedance spectroscopy and QTS) will be taken as a reference 
for comparison to those obtained on organic modified diodes. Important parameters and 
properties of the reference diode are derived from the electrical characterisation. Values of 
the barrier height, ideality factor, specific capacitance, donor density and behaviour of the 
capacitance at different frequencies are deduced from the measurements. Also identification 
of trap levels and a computer simulation of their impact upon the reference diode 
performance is reported. 
 
5.1. GaAs substrate. 
 
The choice of a suitable substrate is made after characterising two different n−type GaAs 
wafers with high and low dopant concentration ND, respectively. A tellurium−doped 
GaAs(100) wafer with ND higher than 1×1017 cm−3 from Freiberger Compound Materials 
(FCM), and a Silicon−doped wafer with 1.4×1015 cm−3 ≤ ND ≤ 1.3×1016 cm−3 from MCP Wafer 
Technology Ltd. were used as substrates for the reference Schottky diode. Pieces of both 
substrates were passivated by using the Hydrogen plasma treatment already described in 
Chapter 3, and silver dots of three different sizes were thermally evaporated by means of a 
shadow mask and subsequently characterised in situ by I−V, C−V, impedance spectroscopy 
and QTS measurements. A comparison between the electrical properties of the diodes 
prepared on the two substrates will be described below according to the results of the 
measurements provided by each technique. 
 
5.1.1.  In situ current-voltage (I-V) characteristics 
 
The ideal I−V characteristics of a Schottky diode exhibits a nearly exponential bias 
dependence (Eq.5.1) 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−−⎟⎠
⎞⎜⎝
⎛=
kT
eVexp1
nkT
eVexpJJ s  
 
(5.1) 
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giving rise to a low and constant current density under sufficiently high reverse bias. The 
magnitude of this saturation current density Js is governed by the effective barrier height φeff, 
i.e. the difference between the conduction band minimum (CBM) at the surface of H+GaAs 
and the Fermi level of the metal. Indeed, the value of the barrier height is deduced from the 
measured saturation current using Eq.5.2. 
⎟⎠
⎞⎜⎝
⎛−=
kT
e
expTAJ eff2*s
φ
 
 
(5.2) 
Deviations from this ideal behaviour can be seen on the experimentally determined I−V 
characteristics for the low and heavily doped GaAs wafers in Fig. 5.1, where significant 
slopes are observed for the currents under reverse bias. Those deviations are attributed to 
image force lowering effect (IFL), recombination phenomena due to the presence of deep 
traps and the existence of high electric fields [Martin1981].  
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Fig.5.1. Current−voltage characteristics for low and high 
doped hydrogen plasma treated GaAs(100) wafers.  
 
With increasing dopant concentration, 
the width of the depletion region  at a 
given bias decreases leading to higher 
electric fields at the interface. That is the 
reason for the higher slope under 
reverse bias observed for the heavily 
doped GaAs substrate. However, the 
enhanced recombination rate due to the 
presence of deep trap levels also 
contributes to this effect and cannot be 
excluded. This point will be inspected 
further through Charge Transient 
Spectroscopy (QTS) measurements. 
W
After evaluation of the I−V characteristics, the values of the effective barrier height and 
ideality factors for both wafers are shown in Table 5.1. 
 
Ag / H+GaAs Sample Effective barrier height φeff / eV Ideality factor 
Low doping (Si based) 0.86  ± 0.03 1.08 ± 0.02 
High doping (Te based) 0.79 ± 0.03 1.17 ± 0.02 
Table 5.1. Barrier height and ideality factor deduced from I−V measurements on Ag / H+GaAs diodes 
for two different doping concentration of n−type GaAs(100) substrates. 
 
The term effective reflects the fact that the barrier height deduced from I−V measurements is 
lower than the value that should be obtained under static conditions, i.e. without carrier 
injection, and includes the effect of the image force lowering. Electric field effects can also 
modify the shape of the barrier, lowering the effective barrier due to Poole−Frenkel emission 
and phonon−assisted tunnelling. Thus, the effective barrier height deduced from I−V 
measurements assuming an ideal Schottky barrier does not correspond to the offset between 
the Fermi level and CBM of H+GaAs, which in general should be higher. The presence of 
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traps also modifies the slope of the forward current and at the same time the value of the 
ideality factor, which is higher than unity for both samples. 
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Fig. 5.2. Fitting of I−V characteristics for reference 
Schottky diodes of Ag / H+GaAs(100) using low and high 
doped wafers with a series resistance.  
 
 
With the obtained parameters using  
thermionic emission theory, a fit of 
the  I−V characteristics under forward 
bias was performed. Assuming that for 
D.C. measurements most of the applied 
voltage is dropped through the 
depletion region, the small remaining 
voltage is dropped across the GaAs 
bulk and the back contact. These last 
two contributions to the voltage are 
represented by a resistance R in series 
with the depletion region. The results of 
these assumptions are shown in 
Fig. 5.2.  
Differences in the value of the series resistance R are due to the nature of the back metallic 
contact. For the heavily doped sample (Te−based) a Ga−In alloy was used, leading to a 
higher value for the series resistance (17 Ω).  The back contact between GaAs and the 
metallic Cu plate was improved by using pure Indium instead of the Ga−In paste. This 
procedure leads to an equivalent series resistance of 5 Ω when it is attached to the lightly 
doped (Si−based) GaAs wafer. 
 
5.1.2.  Temperature dependent in situ I-V characteristics 
 
In situ temperature dependent I−V measurements of the Ag / H+GaAs reference diode were 
recorded in the range 240K – 300K (Fig. 5.3). 
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Fig. 5.3. Temperature dependent I−V characteristics. 
 
Because of its high quality, the low 
doped n−type Si:GaAs substrate was 
used in this characterization. The 
intensity of the current decreases with 
decreasing temperature and also a 
change in the slope of the current 
density under forward bias is observed. 
The set−up for the in situ measurement 
has an equivalent open circuit resistance 
of about 10 TΩ, which induces a 
parasitic current of ~ 10−13 A for a bias of 
1 V. This is the experimental detection 
limit value. 
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The equivalent resistance of the depletion region under reverse bias increases with 
decreasing temperature and the parasitic current – which is establish under open circuit 
conditions and depends of the setup – becomes comparable or higher than the current 
through the sample. That is the origin of the observed offset in the I−V characteristics at 
small forward biases for measurements performed at low temperatures. As a consequence, 
the saturation current value is extracted by extrapolation of the linear portion of the forward 
I−V characteristics to zero bias. 
 
For data evaluation, the dependence of the saturation current  as a function of 
temperature (Eq.5.2) was used. An Arrhenius’ plot of the product  was arranged in 
order to obtain the effective barrier height (Fig. 5.4a) from the linear dependence observed. 
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Fig. 5.4. a) Arrhenius plot of the saturation current. b) Effective barrier height as a function of temperature 
assuming the validity of the relationship bT0eff −= ΦΦ and the parameters deduced from a). 
 
Assuming that the effective barrier height is governed by the relationship: 
bT0eff −= φφ  (5.3) 
where 0φ  corresponds to the barrier height value at absolute zero temperature and b is a 
linear coefficient, the saturation current now takes the form: 
⎟⎠
⎞⎜⎝
⎛−⎟⎠
⎞⎜⎝
⎛=⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −−=
kT
e
exp
k
ebexpTA
kT
bT
eexpTAJ 02*02*s
φφ
 
 
(5.4) 
In this way, values of φ0 and b are extracted from the slope and intercept of the Arrhenius’ 
plot. The effective barrier height at absolute zero temperature is estimated to be 
( 1.05 ± 0.05 ) eV and Fig. 5.4b shows the calculated values of the effective barrier height in 
the measured temperature range. For room temperature there is a close correspondence 
with the previously determined value of ( 0.86 ± 0.05 ) eV. Reduction of the effective barrier 
height as a function temperature resembles the behaviour of the Fermi level due to ionisation 
of dopants with increasing temperature. As it will be shown in the next section, C−V 
characterisation let to determine the bulk Fermi level position around 81 meV below CBM, 
i.e. .   ( ) meV81EE FC =−
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In this way, the free carrier density  is given by: n
⎟⎠
⎞⎜⎝
⎛−=⎟⎠
⎞⎜⎝
⎛ −=
kT
081.0expN
kT
EE
expNn C
CF
C  
(5.5) 
in turn, the temperature dependence of the density of states in the conduction band  
obeys the classical relationship: 
CN
( ) 2323
0
*
n315
2
3
2
*
n
C Tm
mcm108286.4
h
kTm2
2N ⎟⎠
⎞⎜⎝
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⎞
⎜⎜⎝
⎛= −π  
 
(5.6) 
here  and  are the electron effective and rest mass, respectively. For GaAs at room 
temperature: 
*
nm 0m( ) 066.0mm 0*n =  [Blakemore1982]. Assuming that the ratio between this two 
last quantities does not change appreciably in the measured temperature range 
240 K−300 K, it is possible to assign the observed reduction of 34 meV in the barrier height 
with increasing temperature (as deduced from Fig. 5.4b) to a corresponding movement of the 
surface Fermi level towards CBM. This is due to an increase of the free carrier density  
from 6.2 × 10
n
15 cm−3 at 240 K to 1.86 × 1016 cm−3 at 300 K. In other words, the band bending 
in the semiconductor is reduced with increasing temperature, since depletion of carriers is 
reduced. Hence, the bulk Fermi level position remains unchanged at ~ 81 meV and only 
changes of the surface Fermi level position are observed. 
 
5.1.3. In situ capacitance-voltage (C-V) characteristics 
 
C−V characteristics were recorded for selected frequencies in the range 1 kHz–1 MHz. The 
measurements were carried out under parallel mode at room temperature. Fig. 5.5 shows the 
C−V behaviour for the two reference samples under study.  
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Fig. 5.5. Capacitance−voltage  characteristics (C−V) for a) high and b) low doped GaAs wafers at 
selected frequencies between 1 kHz and 1 MHz. 
As expected, the sample with higher dopant concentration exhibits higher value of the 
specific capacitance at any bias however, the corresponding C−V characteristics does not 
show monotonous changes in C when the frequency increases. By contrast, the low doped 
wafer shows a C−V characteristics almost independent of frequency and makes this 
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substrate a good template for detecting dielectric relaxation effects in organic−modified 
Schottky diodes. 
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Fig. 5.6. Change in current density under reverse bias after AC 
measurements for a heavily doped Te:GaAs sample 
 
The increase in the capacitance 
for frequencies higher than 100 
kHz makes the heavily doped 
material unsuitable for high−speed 
applications which is one of the 
strategic advantages of GaAs with 
respect to Silicon technology 
[Szuber1998]. Moreover, after 
repeatedly measuring the 
capacitance, the reverse current 
of the device increases, as can be 
observed in Fig. 5.6. 
 
Lower values in the negative current were measured before applying the AC bias (60 mVAC) 
used for the C−V measurement. After measuring the capacitance at a frequency f, the I−V 
characteristics was recorded again. An irreversible systematic increase in the saturation 
current with increasing frequency was observed. That indicates a permanent damage to the 
device. The observed increase in the DC current under reverse bias suggests the presence 
of permanent structural defects like dislocations acting as recombination centers. Kimmerling 
[1974] studied in detail the effect of traps on the capacitance of a Schottky barrier. The case 
in which the traps are donor−like and lie in the upper half of the band gap is illustrated in 
Fig. 5.7. 
 
 
Under the described situation, there is a region 
of width y  where the donor−like trap level is 
above the Fermi level and hence, positively 
ionised. Beyond this region the traps are 
occupied and neutral. Also, in the depletion 
region of width W  the shallow impurities are 
completely ionised at room temperature. When 
the reverse bias is increased, the Fermi level 
moves down and both the depletion region W  
and  increase, inducing an additional amount 
of positive charge due to the uncompensated 
donors and ionised traps. 
y
Fig. 5.7. The effect of reverse bias on the 
charge state of deep traps. 
For an uniform donor density the capacitance is given  by: ( )
yNwN
NN
C
tD
tDs
+
+= ε  (5.7) 
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where sε  is the dielectric constant of the semiconductor and  refer to the donor and 
trap density, respectively. In absence of traps the capacitance becomes the geometrical one, 
given by
tD N,N
wsε . For the validity of Eq. 5.7 the carrier (electron in this case) should be emitted 
from the trap level to the transport band (the conduction band minimum CBM for this 
considered case) before being below the Fermi level again. This means that for making the 
transition, the electron has less time than half period sτ  of the AC sinusoidal signal used for 
measuring the C−V characteristics: 
s2
1t τ≤  (5.8) 
As observed in Fig. 5.5, the heavily doped GaAs substrate exhibits a dramatic increase in 
capacitance between 100 kHz and 1 MHz. Under the supposition that this increase in 
capacitance is due to trapped charge effects, the respective time constant for this trap level 
should be below 5×10−6 s (−5.3 in logarithmic scale) which is near the detection limit of the 
QTS set−up. When isothermal charge transient spectroscopy (IQTS) plots taken at room 
temperature for low and heavily doped substrates are compared (Fig. 5.8, Pulse > 0), a 
feature for time constants lower than 5×10−6 s appears for both substrates, but the intensity 
of this feature is several orders of magnitude higher for the heavily doped substrate. 
Additionally, there is another prominent feature present with τ ≈ 5×10−5 s. 
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These two processes are again 
observed when a negative pulse 
is applied to the sample. The 
intensity and the peak position 
remain nearly at the same value 
for both polarities. The short time 
constant and the symmetry in the 
magnitude of the QTS signal 
suggest that the traps are deep 
levels near to the Fermi level 
position and spatially located near 
the metal / semiconductor 
interface.  
Fig. 5.8. Isothermal QTS at room temperature for the reference diode. 
 
As will be shown further, the peak observed for the lightly doped substrate with τ ≈ 5×10−4 s 
has a corresponding activation energy of  (0.89 ± 0.05) eV, the longer time constant may 
correspond to deeper traps. The symmetry in the intensity of the signal −observed for the 
heavily doped substrate− is because the electron injection rates for filling the trap states from 
the metal towards the semiconductor and vice versa are similar. This happens when the trap 
states are near to an interface. The higher amount in charge registered for these interfacial 
states is because the change in the band bending at the interface is larger than in the bulk 
when a bias pulse is applied and also the recombination rate decreases for interfacial states. 
Moreover, there is a big probability of having carrier injection from the Fermi level to the trap 
state directly. 
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For evaluating the C−V curves, low frequency data were used in order to exclude possible 
contributions from interface states. Plots of C−2 as a function of the reverse bias are shown in 
Fig. 5.9. For an ideal Schottky diode, the plot should be a straight line with a slope 
DsNe2 ε and a negative intercept  known as the built−in potential, which is an indication 
of the band bending. The Fermi level position in the bulk of the semiconductor is given by the 
offset ξ of the Fermi energy below the conduction band, the barrier height is deduced by 
adding 
biV
ξ+biV  to the thermal energy ekT  (~26 meV at room temperature). 
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Fig. 5.9. Barrier height determination for a) heavily and b) lightly doped GaAs wafers at f = 10 kHz. 
 
From the plots, it can be observed that the low doped GaAs wafer presents a better 
agreement with the ideal behaviour of a Schottky diode. The Table 5.2 contains information 
about important parameters of the barrier and donor density of the two wafers. 
 
Sample ND  / cm−3 Vbi / eV ξ / meV φb / eV 
Low doping (1.88 ± 0.05) ×1016 1.10 ± 0.05 81 ± 2 1.21 ± 0.05  
High doping (2.11 ± 0.08) ×1017 0.84 ± 0.05 18 ± 3 0.89 ± 0.05 
Table 5.2. Barrier parameters for Ag / H+GaAs diodes deduced from C−V measurements. 
 
Apart from the better agreement with the ideal capacitance of a Schottky diode for the 
substrate with low doping concentration, the value obtained for the barrier height 
(1.21 ± 0.05 eV) is huge compared to the expected one after the evaluation of I−V 
measurements (0.86 ± 0.05 eV). A brief calculation of the barrier lowering due to image force 
effect by using Eq. 5.9 and the GaAs parameters provided by J.S. Blakemore [1982]. 
4
1
eff32
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b e
kTV
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⎫
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⎧ ⎟⎠
⎞⎜⎝
⎛ −−−= ξφεπφ∆  
 
(5.9) 
results in a value of around 30 meV, which is within the experimental error and does not 
substantially modify the measured value.  
 
Discrepancies up to ( 0.35 ± 0.03 ) eV between the barrier height values derived from I−V 
and C−V measurements have been reported in the past by A.Thanailakis [1976] on 
transition−metals and UHV cleaved Si diodes. In a previous study [Thanailakis1975], he 
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attributed the discrepancy to the downward bending at zero bias of the semiconductor 
conduction band near the metal / semiconductor interface. The origin of that is caused 
according to Heine [1973] by the high density of negative charge residing in the metal wave 
function tails or, according to Inkson [1976], by a reduction of the effective band gap of the 
semiconductor in the vicinity of the metal.  
 
Based on Heine´s theory, Pellegrini [1973, 1974] showed that for metal contacts to n−type 
semiconductors the barrier height values derived from C−V measurements should be higher 
than those obtained from I−V and photoelectrical measurements. 
 
The reduction in the band gap proposed by Inkson is attributed to changes in the 
electron−electron interaction at the interface in the presence of the metal which produces 
changes in the exchange and correlation potential. The states of the valence band and the 
conduction band respond differently to such changes in the potential near the interface 
creating an asymmetry in the band bending. However, none of the above theories has 
reached the required level of sophistication to enable exact predictions of the height and 
shape of potential barriers at intimate metal / semiconductor contacts to be made.   
 
Regarding the particular case of hydrogen plasma treated GaAs, a more suitable explanation 
about the observed discrepancies between the estimated values of the barrier height by I−V 
and C−V measurements is provided by Okumura [1999]. As it was discussed in chapter 2, 
hydrogen plasma induces surface defects with opposite−type charge to the dopant (H+ ions 
in this case) that reduces the silicon surface donor density, which is equivalent to a 
counter−doping of the Si:GaAs substrate. It leads to a small reduction in the slope of the 
vs. V plot which is related to the donor density . Such a reduction may have 
significant effect in the estimation of , but more dramatic consequences are expected on 
the estimation of the barrier height since it depends on the intercept of such a plot, which is 
strongly increased (see Figs. 3.21 and 5.9b). Thus, deduction of the barrier height from C−V 
measurements can be strongly influenced by surface defects induced by hydrogen plasma, 
and tends to provide higher values for the barrier height than the real one. 
2C − DN
DN
 
The donor density value  deduced from C−V measurements is very close to the specified 
value in the technical sheet of the provider’s company (see Appendix A). The Fermi level 
distance of ( 81 ± 2 ) meV from the conduction band for the low doped GaAs wafer fulfils the 
condition  for dealing with a non−degenerated semiconductor. Then the 
validity of the classical Maxwell−Boltzmann statistics is assured. This is not the case for the 
heavily doped substrate. 
DN
( ) kT3EE Fc >−
 
Taking into account the whole set of electrical measurements, the stable frequency 
response, lower density of traps and higher barrier height among other factors, the low 
doped (Si n−type) GaAs wafer was chosen as suitable substrate for investigating Schottky 
diodes modified by deposition of DiMe−PTCDI organic layers. In the subsequent discussion, 
a more detailed study will be reported for that substrate. 
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5.1.4. In situ impedance spectroscopy. 
 
Impedance spectroscopy  technique was used for obtaining an equivalent circuit model for 
the Ag / H+GaAs Schottky diode. This equivalent circuit can provide additional information 
about important parameters of the semiconductor like bulk resistance, capacitance and 
resistance of the depletion region, resistance of the back contact, parasitic currents due to 
surface conduction and losses due to conduction through trap levels, etc. Moreover, an 
appropriate equivalent circuit model for the reference diode is important for the analysis of 
the frequency response of organic−modified diodes.  
 
C−V data obtained for the low doped GaAs wafer show an almost constant value of the 
capacitance, independent of the frequency for a given bias.  
 
 
Fig. 5.10. Equivalent circuit 
proposal for the reference 
diode. 
 
Thus the specific capacitance (capacitance by unit area) shows 
a value of C = ( 3.6 ± 0.1 ) × 10−8 Fcm−2 for the range of 
frequencies between 1kHz and 1MHz at a bias of – 0.1V. This 
small variance in the capacitance value allows a very simple 
model for the equivalent circuit to be considered, where the 
capacitance and resistance of the depletion region (  and C , 
respectively) are in series with the bulk resistance r  of H
R
+GaAs 
(Fig. 5.10). As a consequence of this simple model, the 
measured value of C  from C−V measurements should be 
comparable to that predicted by the model after fitting the data. 
Also, the value of  is expected to be comparable to the ratio 
between the DC bias and the reverse current, measured for a 
circular diode with a radius of 0.4 mm, i.e. 
R
Ω911 103A1027.3
V1.0
i
VR ×≈×−
−=≈ −  .  
 
Compared to the previously estimated value for the bulk resistance from I−V measurements 
(5–17 Ω), the resistance of the depletion region is predominant. The expressions for the real 
(Zr) and imaginary (Zim) parts of the impedance Z are given by the equations: 
( )2r RC1
RrZ ω++=  
 (5.10a) 
( )2
2
im RC1
CRjZ ω
ω
+
−=  (5.10b) 
where –j denotes the phase difference between the respective voltages across the 
equivalent capacitive reactance C1ZC ω=  and the equivalent series resistance R in the 
complex plane. For the fitting procedure the values of ,  and r  are adjustable 
parameters and Fig. 5.11 shows that it is impossible to obtain a good fit for the real part 
using this simple model. However, the imaginary component of the impedance shows the 
expected linear dependence with respect to the frequency, considering frequency 
independent circuit elements. 
R C
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Fig. 5.11 Impedance measurements showing the a) real and b) imaginary components for Ag / 
H+GaAs low doped Schottky (reference) diodes. 
 
The reason for this behaviour is the extremely high value of the depletion region resistance 
compared to the value of the capacitive reactance . A rough estimate of  at a 
frequency of 1 kHz  gives a value of  = 8.3 × 10
CZ CZ
CZ
5 Ω, which is at least 1000 times lower 
than R. This results in experimentally determined values of the phase ϕ very close to –90°, 
close to the phase resolution of the HP4061A−system (± 0.1°), leading to a big uncertainty in 
the real part of the impedance. Table 5.3. shows the calculated experimental errors for each 
component when a value of ϕ = 89° is measured.  
 
Component Formula ⏐∆Z⏐ ⏐∆Z / Z⏐ Error % 
Real (Zr) Zcosϕ ⏐Zsinϕ∆ϕ⏐ ⏐sinϕ∆ϕ⏐ 9.998 
Imaginary (Zim) Zsinϕ ⏐Zcosϕ∆ϕ⏐ ⏐cosϕ∆ϕ⏐ 0.175 
Table 5.3. Estimated experimental error for impedance measurements. 
 
Evidently, the experimental error for the real part amounts to 10% whereas for the imaginary 
part the error is almost negligible.  
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The discussion above advises taking care 
when evaluating impedance data provided 
by the HP system. The small value of the 
bulk resistance in association with the 
huge value of the depletion region 
resistance means that the equivalent 
impedance is determined basically by the 
value of . Thus, a plot of Z against ω
 
CZ
−1 
will provide a straight line reaching the 
origin with a slope of C−1. The data fit in 
Fig. 5.12 shows an excellent agreement 
with the expected linear behavior. Fig. 5.12. Linear dependence of the equivalent 
impedance against the inverse of the frequency. 
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The fit results in a calculated value of C = (1.448 ± 0.002) × 10−10 F, which is fairly close to 
the measured value C = (1.9 ± 0.1) × 10−10 F. Also the intercept near to zero within the 
calculated error validates the model. Unfortunately, there is a negative consequence from the 
assumption of this simple model, namely that the impedance spectroscopy technique cannot  
provide the value of the equivalent resistance at f  = 1 MHz for the depletion region R.  
 
However, an estimate of R can be obtained by measuring the parallel conductance G and 
capacitance Cp under parallel mode. G values between 2×10−7 S and 7×10−8 S were obtained 
for a frequency of 40 kHz, at least two orders of magnitude lower than ωCp. The equivalent 
impedance measured under parallel mode is given by the expression: 
 
( ) 2
p
p
22
p
C
G1C
1
GC
1Z
⎟⎟⎠
⎞
⎜⎜⎝
⎛+
=
+
=
ωω
ω
  
(5.11) 
and for the condition ωCp >> G , the impedance is governed only by . CZ
When the capacitance is measured in series mode (Fig. 5.13), the equivalent impedance is: 
( ) 22 RC1Z += ω  (5.12) 
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Fig. 5.13. Capacitance measured in series mode. 
The coincidence between C−V 
measurements taken under 
parallel and series mode, 
confirms the assumption of a 
single, frequency independent 
capacitor. From the 
measurements a small series 
resistance between 100 Ω and 
500 Ω was measured, and again 
C
1Z ω≅ . 
 
A refinement of the model is 
presented in Fig. 5.14a. 
Contributions of the back contact to the impedance are represented by a resistor  and a 
capacitor . In this configuration of five elements, the corresponding expressions for the 
real and imaginary parts are given by: 
XR
XC
( ) ( )2XX
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5.13a. 
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5.13b. 
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Fig. 5.14b. illustrates the contributions of the depletion region of H+GaAs and the back 
contact to the real part of the impedance, leading to a better fit with the experimental data.  
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Fig. 5.14. a) Equivalent circuit including the impedance of the back contact in the reference diode. 
b) Fitting results obtained with the refined model. 
 
For the depletion region an expected big value for the resistor RG = 80 MΩ was obtained, 
while the capacitance CG=1.3×10−10 F is very close to the measured value of 1.9×10−10 F . 
The bulk resistance of H+GaAs is estimated to be 25 Ω, which is significantly higher than the 
5Ω provided by the analysis of the I−V characteristics. On the other hand, the back contact 
contributes with a resistance RX = 120 Ω and capacitance CX = 6.3×10−9 F, attributed to the 
Indium / H+GaAs dot with 2.3 mm radius. 
 
As a final comment, it can be easily verified that the parameters representing the back 
contact do not contribute significantly to the imaginary part of the impedance. There are two 
reasons. First, the extremely low value of the resistor RX when compared with the capacitive 
reactance  = 8.3 × 10CZ 5 Ω. Second, the equivalent capacitance consist in an series 
arrangement of  and  in which the lowest capacitor  is predominant. In both cases 
the main role is played by the H
GC XC GC
+GaAs depletion region. 
 
5.1.5. In situ Charge Transient Spectroscopy measurements (QTS). 
 
5.1.5.1. Isothermal QTS as a function of temperature. 
 
A set of isothermal QTS scans from 240 K to 300 K were recorded in situ. Two main features 
are observed for rate window scanning in two different temperature ranges: below 270 K and 
at higher temperatures. The corresponding spectra are shown in Fig. 5.15. As mentioned in 
Chapter 3, the IQTS spectra can be fitted by Gaussian functions: 
( )
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −−≈ 2
2
0
w2
xx
expAQ∆  
 
(5.14) 
where A is the amplitude of the IQTS signal, w is the variance and ( 0110 ttlogx = ). The t0 
value corresponds to 1 s. 
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Fig. 5.15. Set of isothermal QTS (IQTS) spectra taken at temperatures a) below 270K (labelled as low 
temperature peak) and b) above 270K (labelled as high temperature peak) 
 
Simulations of IQTS spectra revealed the value of w = 0.33 when there is a discrete trap 
level responsible for the transient charge [Thurzo 2005a]. The variance defines the resolution 
of the filter in the QTS setup. Spectra with wider variances reflect either contributions from 
discrete trap levels with different time constants, or from an energy distribution of trap levels. 
As observed in Fig. 5.16b. a Gaussian peak fitting performed for the IQTS spectrum at room 
temperature yields the value w1 = 0.36 for the dominant feature, indicating a nearly discrete 
trap level. It will be shown further that the small feature with lower time constant (w2 = 0.40) 
has the same activation energy (~0.89 eV) while the remaining feature stems from the 
background attributed to the back contact (with no thermal activation energy). For low 
temperatures the spectra can be deconvoluted in three components consisting of two nearly 
discrete levels with variances of 0.34 and 0.33, and a faster responding energy distribution. 
When the temperature is increased, the whole spectrum shifts towards lower time constants 
in such a way that both discrete components have the same activation energy.  
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Fig. 5.16. Deconvolution of IQTS spectrum in a set of Gaussian peaks.  
Spectra were taken at a) T = 238K and b) T = 295K. 
The activation energy of a trap level is obtained through Eq. 5.15 [Schroder1998] 
( )[ ]
nn
tc2 kTEEexpT σγτ
−=   (5.15) 
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from the slope of the Arrhenius’ plot of ( )2Tln τ , whereas the intercept provides the capture 
cross section nσ . The constant nγ  stands for the relationship  
( ) 2120n2123C21thn Kscmmm1025.3TNTv −−−×=⎟⎠⎞⎜⎝⎛⎟⎠⎞⎜⎝⎛=γ  
(5.16) 
Thus, nγ  is specific for each material. For n−type GaAs a value of 2.3×1020 cm−2s−1K−2 was 
found earlier by Martin et al. [1977]. Later on, after a critical revision of GaAs parameters a 
slightly lower value of 1.9×1020 cm−2s−1K−2 was proposed by Leigh [1985]. Arrhenius’ plots for 
the observed low and high temperature features, are shown in Fig. 5.17. 
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Fig. 5.17. Arrhenius’ plot for a) low temperature peak and b) high temperature peak. 
 
The respective activation energies are ( 0.89 ± 0.05 ) eV and ( 0.42 ± 0.05 ) eV, which 
according to the tables published by the Institute of Electrical Engineering [Martin1977] are 
assigned to EL2 (0.825 eV) and EC3 (0.43 eV) trap levels.  
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Fig. 5.18. Set of isothermal IQTS for several temperatures 
taken for negative pulses on Ag contact. 
 
The criteria for these assignments 
were the activation energy and the 
respective temperature range of 
detection. EL2 is a well known defect 
always present in GaAs whose origin 
is still subject of debate. A detailed 
study of this trap level from the 
theoretical point of view was 
presented by Baraff et al. [1988]. It 
shows that EL2 is an interstitial point 
defect originated in an  AsGa−Asi pair 
with a [111] axis and 
two−bond−length separation. 
A geometrical sketch of the atomic arrangement of that pair shows that the AsGa atom is 
located at a Ga site, the interstitial Asi atom is displaced along the [111] direction and has 
four Arsenic nearest neighbours. In the present study cross section values of  6.6×10−8 cm2 
and 2×10−12 cm2 were found for EL2 and EC3, respectively. 
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When IQTS measurements at different temperatures are performed using a negative pulse 
(Fig. 5.18), no significant changes in the spectra were observed, indicating that under this 
polarity the electron capture in the depletion region is not thermally activated. Also, the 
intensity of the signal is extremely low compared to signals excited by positive pulses. In the 
case of the negative pulse on Ag, the back ohmic contact is made more positive. Therefore, 
the presence of a depleted zone there is improbable. The poor QTS signal points to a very 
good quality of the back contact. An instrumental contribution to the signal tail at shortest 
delays t1 cannot be excluded.   
 
5.1.5.2. Thermal QTS scans. 
  
A set of thermal QTS for several time window settings were also recorded in situ (Fig. 5.19). 
The amplitude and position of the spectra is shifting toward higher temperatures when the 
time window t1 of the measurement is reduced.   
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The shape of the thermal QTS 
spectra is more complicated than 
that of the isothermal ones. Thus, 
a peak fitting procedure may not 
be unique. Arrhenius’ plots for the 
small peak present at low 
temperatures (near 200K) and the 
shoulder at high temperatures 
were arranged (Fig. 5.20). The 
peak positions (Tmax) were 
determined directly from the 
maxima of these two features. 
  
Fig. 5.19. Thermal QTS scans for several time constants. 
As expected, there are larger deviations from the ideal behavior due to the high−temperature 
tail of the signal. Activation energies of (0.50 ± 0.08) eV and (0.83 ± 0.08) eV were obtained 
in close correspondence with those obtained from isothermal QTS measurements, indicating 
that the features correspond to the same trap levels. 
51.0 51.5 52.0 52.5 53.0 53.5 54.0 54.5
10.5
11.0
11.5
12.0
12.5
13.0
Peak at ~ 210K
 
 
E = 0.50 eV
Low temperature process
Ln
 (T
2 τ 
/ K
2 s
)
(kT)-1 / eV-1
 
a) 
39.5 40.0 40.5 41.0 41.5 42.0
11.0
11.5
12.0
12.5
13.0
13.5
shoulder T ~ 280K
 
 
 
Ln
 (T
2 τ 
/ K
2 s
)
E = 0.833 eV
High temperature process
(kT)-1 / eV-1
b) 
Fig. 5.20. Arrhenius plot for a) the low temperature feature around 220K. 
 b) the high temperature shoulder near to 280K. 
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5.1.6. Simulation of the I-V characteristics. 
 
A simulator provided by Integrated Systems Engineering (ISE) release 8.0 was used for the 
numerical calculation of the I−V characteristics. The three governing equations for charge 
transport in semiconductor devices are solved. The first one is the Poisson equation: ( )−+ −+−−=∇⋅∇ AD NNnpeψε rr  (5.17) 
and the other two are the electron and hole continuity equations: 
⎟⎠
⎞⎜⎝
⎛
∂
∂+−=⋅∇⎟⎠
⎞⎜⎝
⎛
∂
∂+=⋅∇
t
pReJ;
t
nReJ ehpehn
rrrr
 
(5.18) 
 where  is the net electron−hole recombination rate.  ehR
 
In the drift−diffusion model, the current densities for electrons and holes are given by: 
pppnnn epJ;enJ φµφµ ∇−=∇−=
rrrr
 (5.19) 
Here, nµ  and pµ  are the electron and hole mobilities and nφ  and pφ are the electron and 
hole quasi−Fermi potentials, respectively.  
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Fig. 5.21. Results of the I−V simulation for 
Ag / H+GaAs after evaluating I−V, C−V, impedance 
spectroscopy, photoemission and QTS 
measurements. 
A set of coefficients and boundary 
conditions are required for solving the 
problem numerically. The default 
parameters used for GaAs are described 
in Appendix B. However, for the specific 
case the doping density ND = 1 × 1016 cm−3 
was explicitly specified, based on the 
concentrations obtained from C−V 
measurements. As to the boundary 
conditions, an ohmic bottom contact with a 
series resistance of 10 Ω and a top 
Schottky barrier of 0.86 eV were defined, 
based on the above analysis of the I−V 
measurements. 
 
Additionally, two discrete trap levels with the activation energies, taken as the energetic 
distance of the trap level with respect to the conduction band edge and obtained from the 
analysis of temperature dependent IQTS measurements (0.42 and 0.89 eV) were used in the 
simulation. The traps become active in the I−V simulation when recombination processes are 
treated using Shockley−Read−Hall statistics. Also the image force lowering effect and 
electric field effects on the shape of the barrier were included. The simulation was performed 
for several trap densities and the best correspondence was found for the concentrations 
nt1 = 3.1 × 1016 cm−3, nt2 = 6.9 × 1016 cm−3 for EC3 and EL2 trap levels, respectively. The 
agreement is fairly good taking into account that the parameters were obtained from a 
combination of steady−state and transient electrical measurements and the used model was 
extremely reduced to only a Schottky barrier and two discrete trap levels. The source code 
for the simulation on ISE 8.0 is presented in Appendix C. 
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5.2. Summary of the chapter. 
 
The energy band bending at zero bias, as deduced from the electrical measurements 
performed on the Ag / H+GaAs (100) reference Schottky diode, is sketched in Fig. 5.22.  
 
The surface Fermi level position is deduced 
from the effective barrier height calculated 
from I−V measurements (0.86 ± 0.03 eV). 
Adding 30 meV of image force lowering 
effect, the barrier height under equilibrium 
conditions (i.e. at zero bias) amounts up to 
(0.89 ± 0.05) eV, which nearly coincides with 
the energy position of EL2. This coincidence 
also suggests a sort of Fermi level pinning 
due to the presence of this structural trap 
level. The image force lowering effect bends 
the conduction band downwards and the 
valence band upwards [Rhoderick1988]. As 
a result there is a reduction of the band gap 
(by around 60 meV) near the surface. The 
bulk Fermi level position (~ 81 meV below 
CBM) is calculated taking the doping level 
value provided by the C−V measurements. 
 
Fig. 5.22. Energy band bending  for 
Ag / H+GaAs(100) Schottky diodes. 
 
The width of the depletion region W is estimated assuming a geometrical capacitance given 
by Eq.5.20. 
W
C s
ε=  (5.20) 
where C = (3.8 ± 0.1) × 10−8 Fcm−2, is the specific capacitance (capacitance by unit area). 
The equivalence between both, series and parallel mode of C−V measurements at zero bias, 
justifies the geometrical capacitance approach. Taking εs = 13.1ε0 for GaAs at room 
temperature, the depletion region width at zero bias is estimated to be W = (297 ± 8) nm. 
Finally, the respective energy positions of EL2 and EC3 trap levels require that the activation 
energies of these levels correspond always to the difference between the trap level and CBM 
without image force lowering effect. 
 
 
  
Chapter 6 
 
Energy level alignment in 
DiMe?PTCDI organic-modified 
GaAs(100) Schottky diodes 
 
High quality n−type GaAs(100) wafers were chosen as appropriate substrates for 
investigating the electrical properties of DiMe−PTCDI organic−modified Schottky diodes. The 
invariance of the capacitance for a relatively broad range of frequencies (103−106 Hz), the 
high value of the barrier height of the metal / semiconductor junction and the low trap density 
make easier to model the modified diode properties, to be compared with those of the 
reference Schottky diode. Now, several questions arise for the 
Ag / DiMe−PTCDI / H+GaAs(100) heterostructure: the behaviour of the effective barrier 
height when a DiMe−PTCDI organic layer modifies the quasi−ideal Schottky barrier formed 
between Silver and H+GaAs, its influence on the capacitance and the corresponding energy 
level alignment of the whole heterostructure that determines the injection of carriers and their 
transport through the device. 
 
When monitoring the electrical properties of organic−modified Schottky diodes alone, many 
aspects about the physical nature of the underlying mechanisms responsible for the 
observed properties remain unanswered. In this sense, ultraviolet photoemission 
spectroscopy UPS and electrical  measurements emerge as a complex analytic tool for an 
improved understanding of the carrier injection and the physics behind the electrical 
behaviour of a Metal / Organic / Inorganic semiconductor hybrid structures. 
 
Besides the fact that these techniques provide new facts and knowledge, they also open new 
inquiries: the nature of the so−called “interface−dipoles” and their role in the electrical 
response of a device, the location of the Fermi level in an undoped, almost insulating 
material like the organic layer, the relationship between predictions based on results of PES 
measurements (sensitive to the state of the surface) and the experimentally measured 
electrical response of a real metal / semiconductor junction or metal / organic / inorganic 
heterojunction, the corresponding consequences for the injection and transport mechanisms, 
etc. These are only a few examples among the huge amount of open questions regarding the 
field of organic semiconductors science and technology. Some of them will be 
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discussed in this chapter, based on the extended set of measurements performed on the 
organic−modified heterostructure. 
 
6.1. Photoemission spectroscopy and the occupied 
states 
 
The carrier injection process depends strongly on the energy level configuration through the 
whole hybrid metal / organic / inorganic device. The starting point is the location of electron 
occupied states measured at equilibrium conditions by the PES technique. Under 
equilibrium, all the components of the device share a common energy level, which will be 
taken as a reference, and by definition corresponds to the Fermi level. Thus, all the states 
below the Fermi level are occupied and can be directly measured by the UPS technique, but 
the information about unoccupied states, in absence of IPES measurements, should be 
obtained indirectly by complementary techniques like I−V measurements, or optical 
absorption measurements. However, the interpretation of I−V and optical absorption 
measurements is not straightforward for organic modified diodes, and it will be mediated by 
direct comparison of IPES measurements recorded on the DiMe−PTCDI / S−GaAs(100) 
system and additional considerations. 
 
In order to get information about the energy level configuration of the 
Ag / DiMe−PTCDI / H+GaAs(100) heterostructure, valence band spectra were measured in 
situ for a series of DiMe−PTCDI depositions onto a hydrogen plasma treated GaAs(100) 
substrate. The UPS spectra were recorded immediately after each deposition of the organic 
layer without breaking the vacuum in a stepwise manner, and the results are shown in 
Fig. 6.1.  
 
Fig. 6.1. Valence band spectra of DiMe−PTCDI grown on Hydrogen passivated GaAs(100) (H+GaAs) 
 
First, some issues regarding the UPS spectrum taken on the H+GaAs(100) substrate and the 
classical theories of metal / semiconductor junction will be considered. Afterwards, the 
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impact of the organic DiMe−PTCDI layer on the electronic properties of the Schottky diode, 
as deduced from the UPS measurements, shall be discussed. 
 
6.1.1 UPS measurement on H+GaAs(100) 
 
The binding energy is calculated with respect to the Fermi level. For the H+GaAs(100) 
substrate the valence band maximum (VBM) is located at (0.80 ± 0.15) eV with respect to the 
Fermi level and therefore the offset between the conduction band minimum (CBM) and the 
Fermi level should be around (0.62 ± 0.15) eV. At first glance, this last value should coincide 
with the barrier height of the reference diode deduced from I−V measurements without 
considering the effect of image force lowering (0.89 ± 0.05) eV. However the discrepancy is 
due to the fact that UPS measures the state of a surface, but not an intimate 
metal / semiconductor junction which is the case of the reference Schottky diode.  
 
In the Schottky−Mott limit [Mott 1938] the ideal barrier bφ  in an intimate 
metal / semiconductor junction is given by the difference between the metal work function mφ  
and the electron affinity of the semiconductor sχ : 
smb χφφ −=  ( 6.1 ) 
The value of mφ  (4.50 ± 0.15) eV is obtained after direct measurement of the secondary 
electron onset position (16.70 ± 0.15) eV in UPS spectra ( eV22.21h =ν ) of a very thick film 
of Silver deposited on DiMe−PTCDI. (see Fig. 6.3) 
eV5.4eV7.16h mm =−= νφ  ( 6.2 ) 
Since the GaAs bandgap is well known (Eg = 1.42 eV), the electron affinity of H+GaAs(100) 
sχ  can be estimated by determining  the ionisation potential (IP) from the valence band 
spectra: 
gs EIP −=χ  ( 6.3 ) 
In the valence band spectrum of a semiconductor, IP is deduced by subtracting the width of 
the spectra from the excitation energy. The width of the spectrum (16.30 ± 0.15) eV is the 
difference between the secondary electron onset (17.10 ± 0.15) eV and the valence band 
maximum position (0.80 ± 0.15) eV in the H+GaAs(100) spectrum. Hence, the ionisation 
potential of H+GaAs(100) is estimated to be IP = (4.92 ± 0.15) eV and its corresponding 
electron affinity is sχ  = (3.50 ± 0.15) eV. 
 
As a consequence, the barrier height calculated in the Schottky−Mott limit (eq. 6.1) results in 
a value of bφ  = (1.00 ± 0.15) eV, in very close agreement with the evaluation of I−V 
measurements. However, this result should be taken with care and is somehow fortuitous as 
shall be shown further. Ignoring the case of Fermi level pinning due to interfacial states, one 
of the main objections argued against the application of the Schottky−Mott rule in devices 
containing interface dipoles is that the rule assumes a vacuum level alignment at the 
interface. Fermi  level pinning is often observed at interfaces involving GaAs whereas big 
interface dipoles (≥ 0.2 eV) are usually reported for interfaces containing organic layers. This 
argument against the vacuum level alignment results in a modification of the effective barrier 
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height proposed by Ishii et al. [Ishii1999] which contains explicitly the contribution of the 
interface dipole to the effective barrier height. This topic about the relationship between the 
effective barrier height expected from photoemission measurements and that deduced from 
evaluation of I−V measurements will be discussed in more detail for the case of big interface 
dipoles induced by deposition of the DiMe−PTCDI organic layer. 
 
6.1.2. UPS measurements of a series of DiMe-PTCDI layers 
deposited on H+GaAs(100) 
 
Regarding DiMe−PTCDI organic layers deposited on H+GaAs(100), the characteristic 
features of the highest occupied molecular orbital (HOMO) become completely defined only 
after reaching 4 nm to 8 nm thickness. Taking into account the universal curve for the 
electron mean free path scattering as a function of the excitation energy [Berkeley2001, 
Lindau1974], for a photoemission event corresponding to a helium I excitation source 
(hν = 21.22 eV) there is a penetration depth of ~ 0.5 nm. It means that UPS is a quite surface 
sensitive technique able to detect in subtle changes in the state of the H+GaAs(100) surface 
after depositing monolayers of organic materials. Hence, UPS measurements suggest that 
DiMe−PTCDI grows in an island−like mode, and the H+GaAs substrate is completely covered 
only at some stage between 4 nm and 8 nm of nominal thickness. Independently of the exact 
details of the growth mode of DiMe−PTCDI on H+GaAs − an issue that will be discussed later 
in connection with the results of C−V and AFM measurements − the UPS spectra shown in 
Fig. 6.1 point to the existence of DiMe−PTCDI islands for coverages below 8 nm of the 
organic layer.  
 
The weak features observed for the incomplete coverage (below 4 nm DiMe−PTCDI) and 
after a complete DiMe−PTCDI coverage (8 nm nominal thickness) remain in the same 
energy position, with a binding energy of (2.10 ± 0.15) eV. At this point, two statements 
should be highlighted. The first one concerns the presence of characteristic occupied states 
calculated for a single molecule. Indeed, theoretical calculations show that the HOMO of 
DiMe−PTCDI consists of a single π−orbital.  The most pronounced feature of DiMe−PTCDI is 
located around 4.5 eV binding energy and stems from the π− and σ− bonds located at the 
imide, carboxyl and methyl groups of the molecule [Kampen 2003, Gavrila2006]. 
 
The very close agreement between the calculated energy positions for the HOMO and the 
measured ones suggests the absence of any strong interaction between the organic 
molecule and the inorganic substrate. Thereby, no band bending in DiMe−PTCDI  is 
expected and possible changes in the HOMO energetic position, that the UPS technique is 
not able to detect (at least within the resolution of the ARUPS 10 system, which amounts to 
150 meV), can be attributed only to the weak Van der Waals bonding characteristic of 
organic crystals. 
 
The second statement deals with the HOMO position itself. According to the definition, it is 
the hole transporting level for organic semiconductors. For DC measurements like the I−V 
characteristics, two different situations should be analysed depending on the polarity of the 
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top contact bias. For forward bias (i.e. a positive bias applied to the top contact) electrons are 
flowing from H+GaAs to the metal contact through the DiMe−PTCDI organic layer, and 
therefore holes should be injected from the silver metal contact. Because all the considered 
energies are referred to the metal Fermi level, the injection barrier height for holes fits exactly 
with the HOMO position (~ 2.1 eV). For such a barrier, the most optimistic case of a metallic 
density of states (Nc ~ 6.02×1023 cm−3) leads to a negligible hole density (p ~ 2.7×1012 cm−3). 
Similar considerations for the opposite polarity (i.e. reverse bias) exclude the transport by 
minority carriers. Thus, only electron transport through the organic−modified heterostructure 
will be considered for the electronic and transport properties analysis. 
 
A careful look at the spectra of DiMe−PTCDI layers deposited on H+GaAs sketched in 
Fig. 6.1, reveals a gradual shift of the secondary electron onset towards lower binding 
energies with increasing thickness of the DiMe−PTCDI organic layer until a nominal 
thickness of 8 nm is reached. For additional depositions of the organic layer the vacuum level 
position does not change anymore, supporting the idea of an incomplete coverage of the 
H+GaAs substrate below 8nm nominal thickness of DiMe−PTCDI, as previously suggested 
after examination of the same set of spectra in the lowest binding energy region. 
 
Fig. 6.2. Energy level alignment at the 
organic / inorganic interface. 
 
 
The final shift amounts to 0.2 eV, it is 
attributed to the formation of an interface 
dipole between the H+GaAs surface and the 
organic DiMe−PTCDI layer. At first glance, the 
statement seems to be straightforward but 
indeed it is not, because by definition an 
interface dipole should exist only in the first 
monolayers, typically in the range up to 1 nm 
far away from the interface [Campbell2003]. 
However, it was already pointed out that the 
final position of the secondary electron onset 
is achieved only after a nominal thickness of 
8 nm for the organic material. The apparent 
paradox is solved again, when the hypothesis 
of an inhomogeneous coverage below 8 nm 
(nominal thickness) DiMe−PTCDI is 
considered.  
From the aspects discussed up to now, and taking the Fermi level as the energy reference 
level, a partial energy level alignment at the DiMe−PTCDI / H+GaAs(100) interface can be 
sketched in Fig. 6.2. Clearly shown is the highest energetic position of the occupied states of 
H+GaAs (VBM ≈ 0.8 eV), and the organic semiconductor the DiMe−PTCDI (HOMO ≈ 2.1 eV). 
The ionisation potential of H+GaAs (~ 4.92 eV) is deduced from the spectrum by considering 
the vacuum level position. Also, the corresponding interface dipole of 0.2 eV at the 
organic / inorganic interface. 
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Since the photoemission spectroscopy technique only provides information about occupied 
states, the position of the conduction band minimum is deduced from the known value of the 
energy bandgap of GaAs at room temperature (1.42 eV). For completing the picture of the 
energy level configuration at the organic / inorganic interface, the LUMO position of 
DiMe−PTCDI should be deduced.  Unfortunately, the methodology applied to the case of 
GaAs, an inorganic semiconductor, does not hold for the case of organic semiconductors like 
DiMe−PTCDI. The difficulty arises from the big discrepancy between the values of the optical 
bandgap and the transport bandgap for organic semiconductors, which can differ by as much 
as 1 eV [Tsiper2002]. 
 
The difference between the transport and the optical bandgap is attributed to the exciton 
binding energy. For most of the inorganic semiconductors, the exciton binding energy is 
usually very small (~ 2−6 meV) [Singh1993] and it is within the experimental error of an 
ordinary optical absorption measurement. Therefore, optical absorption measurements are 
able to provide reliable values of the transport bandgap for inorganic semiconductors like 
GaAs. 
 
For PTCDA instead, the experimentally measured exciton binding energy is estimated to be 
around 0.6 eV [Kampen2003]. Taking into account the experimentally measured value of the 
optical bandgap for DiMe−PTCDI (~ 2.14 eV) already discussed above, and assuming that 
the PTCDA exciton binding energy value could be nearly the same for all the perylene 
derivatives, a coarse estimation of the LUMO position of DiMe−PTCDI is shown in Fig. 6.2. 
as a green bar. The bottom of the bar corresponds to the optical band gap measured for 
DiMe−PTCDI deposited on a quartz substrate and the width shows the expected range for 
the exciton binding energy. What it is important to highlight at this point, is that assuming 
similar exciton binding energy of 0.6 eV for both perylene derivatives [Hill2000], the 
DiMe−PTCDI LUMO position aligns to the conduction band minimum of H+GaAs. In the case 
of a lower exciton binding energy for DiMe−PTCDI, the LUMO position of the organic layer 
will be below CBM and makes no contribution to the effective barrier height. The converse 
holds for DiMe−PTCDI having an exciton binding energy higher than that of PTCDA. 
  
As a consequence, when the LUMO of DiMe−PTCDI is aligned with or located below CBM, 
an electron coming from the conduction band minimum of H+GaAs should not find any 
additional energy barrier for reaching the organic transport level (LUMO). The described 
situation corresponds to an electron flow from H+GaAs towards the organic layer, i.e. under 
DC forward bias regime. Hence, the effective barrier that the electron faces is basically 
governed by the difference between the CBM of H+GaAs and the surface Fermi level. As a 
consequence, the effective barrier height would be modified by the surface treatment of the 
GaAs(100) substrate and the doping level. 
 
However, this statement is valid only when there is an energetic vacuum level alignment at 
the organic / inorganic interface. But from PES measurements there is an interface dipole 
layer between the inorganic substrate and the organic layer, which plays a role in the 
effective barrier height. 
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The dipole points from the H+GaAs(100) substrate, where electron vacancies due to the 
presence of ionised hydrogen atoms (i.e. positive charge) are populating the semiconductor 
surface, towards the organic semiconductor interface. Hence, an electric field whose 
intensity is able to rise the potential energy by an amount of 0.2 eV for electrons coming from 
the H+GaAs substrate (forward bias in the DC regime) is observed.  
 
Under forward bias regime, electrons moving towards the metal contact should first reach the 
conduction band minimum (0.6 eV) and then surmount the electric field created by the dipole 
at the interface (0.2 eV) for reaching the LUMO of the organic layer, which is aligned with or 
located below the conduction band minimum of H+GaAs. The total energy for reaching the 
LUMO (i.e. the electron transport level) amounts to 0.8 eV.  
 
6.1.3. UPS measurements of Ag deposited on a 20nm thick 
DiMe−PTCDI film 
 
Following the study of the metal / organic / inorganic semiconductor heterostructure, several 
depositions of silver on the DiMe−PTCDI layer of 20 nm thickness were performed, and UPS 
measurements on the valence band region recorded (Fig. 6.3). The HOMO position of 
DiMe−PTCDI does not shift and gradually disappears until 2 nm of nominal thickness of 
silver. This confirms the expected absence of band bending at the metal / organic interface 
and also suggests diffusion of the metal into the organic layer which is probably very rough 
and exhibits a high density of voids. This observation is also supported by looking at the 
secondary electron onset position, where there is no shift of the vacuum level below 2 nm of 
silver thickness.  
 
 
Fig. 6.3. Valence band spectra for several depositions of silver on a 20nm thin film of DiMe−PTCDI. 
 
For additional silver depositions the vacuum level shifts gradually towards lower binding 
energies, reaching a final value of 0.2 eV for a silver layer of 10 nm thickness. This gradual 
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shift again points to a non−uniform formation of a silver layer below 10 nm of nominal 
thickness, probably due to the roughness of the organic layer. The absence of clearly 
resolved Ag4d features (between 4 and 7.5 eV binding energy) also suggests the presence 
of a very rough DiMe−PTCDI surface. It is known that the lineshape of the Ag4d band 
strongly depends on bulk crystallographic directions, surface morphology, and whether there 
is an adsorbate on the surface or not, and is considered as an indication of the crystallisation 
degree of the silver layer [Sekiba 2000]. Yet for the case of 10 nm thick silver deposited on 
organic thin films (10 nm thickness) of PTCDA and DiMe−PTCDI grown on sulphur 
passivated GaAs substrate, the Ag4d states can be observed [Park2002]. Thus, 
DiMe−PTCDI grown on H+GaAs exhibits higher roughness that does not allow the formation 
of relatively large silver crystallites that could otherwise be detected as metallic 4d states. 
 
After reaching 2 nm of silver thickness, two features emerge at about 0.5 eV and 1.7 eV in 
the HOMO−LUMO gap of the organic layer. Those bands are gap states that have also been 
observed for interfaces like PTCDA on Ag [Umbach2002], or In, Sn, Al and Ti on PTCDA 
[Hirose1996]. These gap states are attributed to a charge transfer between the metal atoms 
and the molecules resulting in polaron (~ 0.5 eV BE) and bipolaron levels (~ 1.7 eV BE) 
[Kampen2006]. Normally, the bipolaron is occupied with two electrons and energetically 
positioned below the Fermi level and the polaron is occupied with one electron and should be 
positioned at the Fermi level. But, since organic molecules represent small systems with 
localized electrons, the Coulomb repulsion between the first and second electrons shift the 
position of the occupied polaron state below the Fermi level [Hill2000b] and therefore it can 
be detected by UPS. 
 
In addition to the partial information obtained about the energy level configuration already 
sketched in Fig. 6.2, there are two new elements brought out from the analysis of the spectra 
of silver deposited on DiMe−PTCDI: the silver work function value (4.50 ± 0.15) eV and the 
presence of an additional interfacial dipole of 0.2 eV at the metal / organic interface. The 
measured work function for Ag deposited on DiMe−PTCDI is close to the value 
corresponding to a single Ag(110) crystal (~ 4.52 eV) which is above of the work function for 
polycrystalline films of Ag (~ 4.25 eV) [Dweydari1973]. However Ag films deposited on 
DiMe−PTCDI showed a weak preferential orientation along the (111) and (200) directions 
[Kampen2006]. This is probably the reason for the measured work function of Ag on 
DiMe−PTCDI, since  φAg(111) ≅ 4.75 eV, and the weak preferential orientation increases the 
work function value above the polycrystalline value attributed to the morphology of Ag grown 
on DiMe−PTCDI.  
 
6.1.4. Interface dipoles at Ag / DiMe-PTCDI / H+GaAs heterojunction. 
 
UPS measurements show the existence of two interface dipoles induced by the organic 
layer. The first one is located at the Metal / DiMe−PTCDI interface and the second one is 
formed at the organic / inorganic interface. Both dipoles are oriented in the same direction, 
as sketched in Fig. 6.4. Considering the interface dipole at the metal / organic semiconductor 
 
Chaptt err   6..   Enerr gy  ll evell   all ii gnmentt   off   Dii Me-- PTCDII   modii ff ii ed  dii odes  --   78  --   
 
junction, it should be pointed out that the direction of the dipole introduces a small potential 
barrier of 0.2 eV for the forward bias current (injection of holes).  
 
The direction of this dipole agrees with the one 
observed for most of metal / organic interfaces 
[Ishii1999], corresponding to a lowering of the metal 
vacuum level by depositing organic layers on metals. 
For the case of a non−polar molecule like 
DiMe−PTCDI and excluding the possibility of a 
chemical reaction between the organic layer and 
silver, the origin of the interface dipoles formed at 
organic semiconductor / metal interfaces is attributed 
to the charge transfer between organic layers and the 
metal [Ishii1999]. 
 
Fig. 6.4. Orientation of the interface 
dipoles at the 
Ag / DiMe−PTCDI / H+GaAs device. 
More precisely, it appears that the metal / organic interface dipole can be divided into two 
contributions: 
i. A “chemical” dipole induced by a partial charge transfer between the organic layers 
and the metal upon chemisorption of the organic molecules on the metal surface. 
ii.  A change in the metal surface dipole due to modification of the metal electron density 
tail that it is induced by the presence of the absorbed organic molecules 
[Crispin2002]. 
 
Regarding the dipole at the organic / inorganic interfaces, there is a permanent discussion 
about its origin. At metal / inorganic semiconductor heterojunctions, dipoles correspond to 
the tailing of electron wave functions across the interface and occupation of the 
interface−induced states (or metal−induced gap states MIGS) as a function of 
electronegativity difference between the two semiconductors [Lannoo1991, Mönch1993]. A 
further approach involves the charge neutrality level (CNL) concept which is based on the 
fact that interfaces should be electrically neutral. Therefore the charge in the MIGS (which is 
much higher than those in the semiconductor bulk) is compensated by an equal amount of 
charge of opposite sign on the metal side of the interface [Kampen2006]. 
 
A chemical approach would assign the charge transfer at metal / inorganic semiconductor 
contacts to the ionicity of heteropolar bonds between metal and substrate atoms at the 
interface. According to Pauling [1960] the ionic character of single bonds in diatomic 
molecules is correlated to the difference in electron affinities. In this way, a generalization of 
that idea describes the charge transfer across metal / inorganic semiconductor interfaces by 
the difference of the electron affinities of both materials. For brevity this concept should be 
addressed in the subsequent discussion as the “dipole rule”.  
 
Up to 1998, the utility of these concepts had not been demonstrated for interfaces involving 
molecular layers [Rajagopal1998b]. Recently, some attempts to explore the CNL concept 
towards its application to interfaces with organic materials have been emerged 
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[Vasquez20006, Kampen2006]. However, its application to the study of real interfaces 
normally involves theoretical calculations in order to get the energetic position of the charge 
neutrality level for the materials at the interface. This calculation has at least to take into 
account the surface state of the inorganic semiconductor (i.e. the surface reconstruction), 
among other factors, and it is beyond the scope of this work. Instead, based on experimental 
PES results, the validity of the dipole rule for organic / inorganic semiconductors interfaces 
will be discussed in the next section. The case of the perylene derivatives PTCDA and 
DiMe−PTCDI acting like organic layers in junctions with differently treated GaAs(100) 
surfaces will be illustrated. 
 
6.1.5. The dipole rule at DiMe-PTCDI / GaAs heterojunctions. 
 
In the past, for PTCDA a strong correlation between the interface dipole and the relative 
energy position of LUMO and CBM of GaAs, and thereby, the electron affinity of the organic 
layer (χPTCDA) was found [Kampen 2003]. The electron affinity of the GaAs surface can be 
swept in a relatively broad range (~ 1.5 eV), depending on the surface treatment. The lowest 
GaAs electron affinity (~ 3.5 eV) was found during the development of the present work for 
hydrogen plasma treated GaAs (H+GaAs), whereas the highest value (~ 5.0 eV) corresponds 
to a selenium passivated GaAs surface (Se−GaAs). The interface dipole formed at 
PTCDA / GaAs and DiMe−PTCDI / GaAs interfaces as a function of the GaAs electron 
affinity sχ  are indicated by blue and green dots in Fig. 6.5, respectively. 
 
Fig. 6.5. Interface dipole formed between the perylene derivatives PTCDA and DiMe−PTCDI 
respectively, as a function of the electron affinity of the GaAs substrate.  
 
 
Chaptt err   6..   Enerr gy  ll evell   all ii gnmentt   off   Dii Me-- PTCDII   modii ff ii ed  dii odes  --   80  --   
 
At the PTCDA / GaAs(100)−c(4×4) interface where a positive interface dipole is formed (i.e. a 
work function for the organic layer higher than that of GaAs), the LUMO is estimated to be 
below CBM of GaAs. The situation is reversed when a negative dipole is formed, as in the 
case of PTCDA / Se−GaAs(100) interface. Consequently, the interface dipole formed at the 
PTCDA / S−GaAs(100) interface varies from positive to negative depending on the ionisation 
potential (i.e. the electron affinity) of the substrate surface. It can, therefore, be deduced that 
the formation of the interface dipole at PTCDA / GaAs(100) interfaces is possibly driven by 
the difference between the corresponding electron affinities of the organic film and GaAs 
substrate.  
 
At thermal equilibrium, the number of electrons and holes that are transported across the 
interfaces should be equal. Due to the difference in electron affinities and ionisation 
potentials between substrate surfaces and PTCDA films, each electron and hole transported 
undergoes an energy loss or gain. The net energy loss, therefore, depends on the electron 
and hole concentration that is transported across the interface and the energy difference of 
the electron affinities and ionisation potentials between the organic layer and the GaAs(100) 
substrate surface. The interface dipole is formed in order to compensate the net energy loss. 
In the case of PTCDA films on n−type GaAs(100) surfaces, the number of electrons 
transported across the interface is expected to be much higher than that of holes and hence, 
the difference between electron affinities of GaAs(100) and the organic layer can be 
proposed to be the determining driving force for the interface dipole formation. 
 
The interface dipole formed at both organic / GaAs(100) interfaces present an almost linear 
dependence on the GaAs(100) electron affinity GaAsχ . Therefore the relationship between 
the interface dipole ∆ and GaAsχ  is given by: 
ba GaAs +−= χ∆  (6.4) 
where it is explicitly described the negative slope. Eq.6.4. can be rearranged in the form: 
( )orgGaAsa χχ∆ −−=  (6.5) 
which express the difference in electron affinities between the organic and inorganic 
materials as the predominant mechanism for the interface dipole formation.  
 
Using a linear fit the same slope value of 67.0a =  was found for both organic materials. The 
interface dipole at the PTCDA / GaAs(100) interface is found to be zero at 
χGaAs(100) = (4.12 ± 0.10) eV. This value also represents χPTCDA, assuming that the formation of 
the interface dipole is driven by the difference or electron affinities between the organic layer 
and the inorganic semiconductor. Thus, if the energy level of the PTCDA films extends up to 
the interfaces without energy shifts, the transport HOMO−LUMO gap falls in the range of 
2.44 − 2.55 eV. This value is larger than the optical bandgap of PTCDA but still smaller than 
the transport HOMO−LUMO gap proposed by Hill et al. [Hill 2000a]. 
 
In analogy to the case of PTCDA, the behaviour of the interface dipole between 
DiMe−PTCDI and GaAs(100) as a function of the GaAs(100) electron affinity was explored. 
The experimental values are shown in Fig. 6.5. as green dots. It can be seen that 
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DiMe−PTCDI was deposited on three differently  treated GaAs(100) substrates: selenium 
passivated GaAs, Se−GaAs(100)−(2×1) [Park2002], sulphur passivated GaAs, 
S−GaAs [Kampen 2003] and hydrogen plasma treated GaAs, H+GaAs, the last two being 
used throughout the present work. Again, a strong linear correlation between the interface 
dipole at the organic / inorganic interface and the GaAs(100) electron affinity was found. 
 
A positive value for the interface dipole (+0.2 eV) between DiMe−PTCDI and H+GaAs(100) 
he dipole rule may provide a powerful tool for estimating the effective barrier height based 
or assessing the barrier height from PES, three assumptions are done: 
 the electron affinity 
 
ii. The interface dipole strongly influences the effective barrier height. This is because 
 
iii. The electron affinity of the organic layer is not affected by the surface state of the 
 
he application of this assumptions for assessing the effective barrier height shall be 
was observed, while a negative value (−0.27 eV) was measured for sulphur passivated 
GaAs(100) surfaces. The linear fit shows that the interface dipole between DiMe−PTCDI and 
GaAs(100) is zero for an electron affinity of GaAs(100) around 3.83 eV, and according to 
eq.6.5 it should correspond to the DiMe−PTCDI electron affinity. 
 
T
on PES measurements, for GaAs(100) Schottky diodes modified by deposition of perylene 
derivatives PTCDA and DiMe−PTCDI. The estimated barrier deduced from Photoemission is 
expected to be close to the deduced value after evaluation of I−V characteristics. 
 
F
i. The driving force for the dipole at the organic / GaAs interface is
of GaAs. As a consequence the LUMO aligns to CBM and the dipole at the interface 
is basically due to the difference between electron affinities of the organic layer and 
the inorganic substrate as suggested by eq.6.5. 
the induced electric field at interfaces involving organic materials introduces an 
additional potential energy to be surmounted by charge carriers. For instance, in the 
case of an interface dipole directed from the GaAs substrate towards the organic 
layer (like that shown in Fig. 6.4.) electrons coming from the GaAs substrate face a 
contrary electric field which decreases their electron kinetic energy. Therefore, there 
is an increase in the effective barrier height under forward bias regime.  
substrate. According to Fig. 6.5. χPTCDA = 4.12 eV and χDiMe−PTCDI = 3.83 eV. 
T
illustrated for the two examples: Ag / DiMe−PTCDI / S-GaAs and Ag / DiMe−PTCDI/ H+GaAs. 
For a sulphur passivated GaAs(100) substrate measured by PES the VBM position was 
located at (1.02 ± 0.15) eV with respect to the Fermi level. In addition, an electron affinity 
χs = (4.24 ± 0.15) eV was determined [Kampen2003]. The case of LUMO of DiMe−PTCDI 
aligned to CBM of S−GaAs is depicted in Fig. 6.6. and leads to an expected interface dipole 
of (−0.41 ± 0.15) eV which is slightly higher than the experimentally measured value of 
(−0.27 ± 0.15) eV shown in Fig. 6.5. Additionally, the measured metal work function was 
(4.37 ± 0.15) eV for 50 nm of silver deposited on DiMe−PTCDI / S−GaAs [Park2002]. So, 
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there is a small interface dipole at the metal interface of  (+0.14 ± 0.15) eV, that falls into the 
resolution limit of the PES system. 
 
 
 
Fig. 6.6. Energy level alignment at 
Ag / DiMe−PTCDI / S-GaAs heterostructure 
expected by application of the dipole rule. 
According to the energy level alignment derived for 
the application of the dipole rule (Fig. 6.6) the 
effective barrier height for this device under forward 
bias can be deduced as follows. Under this polarity, 
a positive bias is applied to the silver electrode, and 
electrons are injected from the right side towards 
the left. In their way, the first barrier potential is 
given by the energy difference between CBM and 
the Fermi level (0.40 eV). At the 
DiMe−PTCDI / S−GaAs interface, the negative 
interface dipole does not give a potential barrier 
and electrons pass from CBM to LUMO with an 
increased kinetic energy. On the contrary, at the 
metal / organic interface the small positive interface 
dipole (+0.14 eV) contributes to the effective barrier 
height. Thus, the effective barrier height for this 
system is expected to be effφ  = (0.54 ± 0.15) eV. 
 
The estimation agrees quite well with the low values of the effective barrier height for the 
Ag / DiMe−PTCDI / S−GaAs heterostructure deduced from evaluation of I−V measurements 
[Zahn2003].  
 
The barrier height departs from an initial value of 
(0.55 ± 0.15) eV for the reference diode, and 
subsequently decreases with increasing thickness of 
the DiMe−PTCDI layer due to the image force 
lowering effect. Thus, the dipole rule could be 
considered as a link between photoemission and the 
I−V techniques.   
 
A second example is provided by the 
Ag / DiMe−PTCDI / H+GaAs(100) system. PES 
examination performed on the substrate in Fig. 6.1 
results in an H+GaAs electron affinity of 
(3.50 ± 0.15) eV with the VBM at (0.80 ± 0.15) eV 
with respect to the Fermi level. With the LUMO 
aligned to CBM, the expected interface dipole 
between the organic / inorganic interface is +0.33 eV 
(Fig. 6.7).  
 
Fig. 6.7. Energy level alignment at 
Ag / DiMe−PTCDI / H+GaAs 
heterostructure derived from application of 
the dipole rule. 
 
This value is slightly higher than the measured one (+0.20 ± 0.15) eV. Additionally, the work 
function for silver deposited on the DiMe−PTCDI / H+GaAs is (4.5 ± 0.15) eV (Fig. 6.3). So, 
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the expected metal / organic interface dipole is (0.05 ± 0.15) eV smaller than the measured 
value of (0.20 ± 0.15) eV. The discrepancy between the expected and the measured values 
for both interfacial dipoles is a clear indication that the LUMO−CBM alignment does not hold 
quite exactly. 
 
Again a rough estimation of the barrier height for electrons under forward bias regime has 
three contributions: the CBM of H+GaAs (0.62 ± 0.15) eV, the positive organic / inorganic 
interface dipole (0.33 eV) and the dipole at the metal / organic interface (0.05). Hence, the 
estimated effective barrier height is (1.00 ± 0.15) eV, which coincides with the application of 
the Schottky−Mott rule. This coincidence is only apparent since it only holds when both 
dipoles are positive. 
 
6.1.6. Transport bandgap of DiMe-PTCDI 
 
In the previous section two different values from the HOMO−LUMO transport bandgap of 
DiMe−PTCDI (2.49 and 2.72 eV) are proposed, based on the analysis of layers deposited on 
two differently treated GaAs(100) substrates. (Sulphur passivated and hydrogen plasma 
treated, respectively). Both values are higher than the respective optical bandgap of 2.14 eV 
deduced from absorption measurements of DiMe−PTCDI deposited on quartz already shown 
in Fig. 3.14 [Friedrich2003].  Since the bandgap is an intrinsic property of every 
semiconductor material, the small discrepancy between the two values deduced for the 
DiMe−PTCDI transport bandgap suggests that strictly there is no CBM−LUMO alignment, as 
mentioned in the discussion about interface dipoles. In order to have a direct measurement 
of the HOMO−LUMO transport bandgap, inverse photoemission measurements were 
performed on a 15 nm thin layer of DiMe−PTCDI deposited on S−GaAs [Gavrila2006].  
 
The energy spectrum of 
unoccupied states of 
DiMe−PTCDI is fitted using a set 
of Gaussian peaks (continuous 
lines in Fig. 6.8) showing the 
LUMO, LUMO+1 and subsequent 
bands. The Gaussian shape 
corresponds to the product of two 
functions. One contains the 
natural width due to the life−time 
of the electron decay for 
generating a photon. The second 
one is due to the instrumental 
resolution. Unfortunately, one of 
the disadvantages of IPES is its 
poor resolution (~0.4 eV for this 
measurement). 
 
Fig. 6.8. IPES measurements of DiMe−PTCDI deposited on a 
sulphur passivated GaAs(100) substrate.  
(Thanks to G. Gavrila) 
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For circumventing this difficulty, each Gaussian peak in the fit is deconvoluted and the 
instrumental contribution is removed from the spectra. The result shows narrower Gaussian 
peaks (broken lines in Fig. 6.8.) that contains information about the unoccupied states of the 
organic material. Extrapolation of the deconvoluted LUMO peak shows a binding energy of 
(−0.55 ± 0.15) eV with respect to the Fermi level. Taking into account the HOMO value of 
(2.09 ± 0.15) eV already measured by PES for this system, the transport band gap for 
DiMe−PTCDI is  ≅ (2.64 ± 0.15) eV [Zahn2003]. PTCDIDiMegE −
 
6.1.7. Energy level alignment for Ag / DiMe-PTCDI / S-GaAs 
heterojunction. 
 
With a transport bandgap of (2.64 ± 0.15) eV for DiMe−PTCDI, an electron affinity of 
(3.83 ± 0.15) eV deduced from application of the dipole rule and excluding a possible 
LUMO−CBM alignment, the obtained energy level diagram is shown in Fig. 6.9. 
 
 
 
Fig. 6.9. Energy level alignment of 
Ag / DiMe−PTCDI / S−GaAs heterostructure 
using a transport bandgap 
The agreement with the photoemission 
experimental data is excellent [Zahn2003]. The 
measured interface dipole between 
DiMe−PTCDI and S−GaAs was 
(−0.26 ± 0.15 eV) whereas no interface dipole at 
the Ag / DiMe−PTCDI interface was found. 
However, the effective barrier height in this case 
is governed by the LUMO position (~ 0.55 eV), 
which is higher than the result of I−V 
measurements for the 
Ag / DiMe−PTCDI / S−GaAs heterostructure 
(~0.45 ± 0.10 eV).  The discrepancy is attributed 
to the image force lowering effect, but also the 
experimental error involved in the combined 
IPES, PES and I−V measurements does not 
exclude the possibility of a lower value for the 
DiMe−PTCDI transport bandgap. 
 
6.1.8. Energy level alignment for Ag / DiMe-PTCDI / H+GaAs 
heterostructure. 
 
With the DiMe−PTCDI transport bandgap of (2.64 ± 0.15) eV, the energy level configuration 
in the Ag / DiMe−PTCDI / H+GaAs heterostructure is sketched in Fig. 6.10a. but the 
agreement with PES measurements is not so good. Compared to the experimentally 
measured values of (0.20 ± 0.15) eV for both interface dipoles, the acceptance of this 
transport bandgap value leads to a higher value for the organic / inorganic interface dipole 
(~ 0.25 eV) and lower for the metal / organic interface dipole (~ 0.13 eV). This result 
suggests the possibility of a slightly lower value of the DiMe−PTCDI transport bandgap 
(~ 2.58 ± 0.15) eV that fits better to the PES measurements and the application of the dipole 
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rule, as illustrated in Fig. 6.10b. The effective barrier height effφ  is given by the CBM position 
(0.62 eV ± 0.15) eV plus the contribution of both positive dipoles which amounts to 
(0.38 ± 0.15) eV for both cases, leading to a value of ( effφ = 1.00 ± 0.15) eV. It is highlighted 
that effφ  for these two diagrams does not change because the LUMO of DiMe−PTCDI lies 
between 60−140 meV below the conduction band minimum of GaAs.  
 
 
a) 
 
b) 
Fig. 6.10. Energy level alignment at the Ag / DiMe−PTCDI / H+GaAs(100) heterostructure: a) with a 
DiMe−PTCDI transport bandgap of (2.64 eV) as deduced from examination of the 
DiMe−PTCDI / S−GaAs system. b) with a DiMe−PTCDI transport bandgap of (2.58 eV) for a better 
agreement with the experimental PES data. 
 
A final comment about the energy level configuration for DiMe−PTCDI deposited on several 
GaAs(100) surfaces, deals with the invariance of the HOMO position as measured by PES. 
This is an evidence of weak interaction between the organic film and the substrate, in 
agreement with the absence of band bending discussed above. Thus, the feature belongs to 
properties of the molecular crystal itself. Its Fermi level position is determined by the intrinsic 
carrier density and aligns to the Fermi level position of GaAs(100) which is in general, 
sensitive to the substrate treatment. 
 
6.2.  In situ current-voltage (I-V) characteristics 
 
The Ag / H+GaAs(100) reference diode was already characterised as a nearly ideal Schottky 
diode, with two nearly discrete trap states. The barrier height of the reference diode (I−V) 
was estimated to be around 0.86 eV with an uncertainty of 30 meV. This result is one of the 
highest values of the barrier height reported for metal / GaAs junctions and its nature was 
already discussed in chapters 3 and 5. Now, the effect of modifying such a metal / H+GaAs 
junction with an effective barrier higher than midgap is an important issue. For silver on 
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highly doped sulphur−passivated GaAs(100) substrates, barrier height values smaller than 
(~ 0.5 eV), i.e. below the middle of the bandgap [Zahn 2003] were reported. An additional 
decrease in the effective barrier height was observed as a function of the DiMe−PTCDI 
organic layer thickness.  
 
As discussed in chapter 4, the observed reduction in the effective barrier height of 
Ag / S−GaAs(100) as a function of DiMe−PTCDI layer thickness, as judged from I−V 
measurements, is attributed to two mechanisms: the LUMO position and the role played by 
the dielectric constant of the organic layer in the image force lowering effect. The LUMO 
position of DiMe−PTCDI was deduced by application of the dipole rule and comparison to 
combined UPS and IPES measurements. It is estimated to be almost aligned, i.e. slightly 
above the conduction band minimum of S−GaAs. As a consequence of that energy level 
alignment, without significant positive interface dipoles, effφ  is basically governed by the 
dielectric constant of the organic layer. The increased effect of the image force as a function 
of the organic film thickness, opens the possibility of a barrier height engineering based on 
“thickness controlled” organic layer deposition by using perylene derivatives. 
 
For the Ag / DiMe−PTCDI / H+GaAs(100) system, the combination of PES measurements 
and the dipole rule, provides a way to estimate effφ ~ (1.00 ± 0.15) eV. In absence of direct 
IPES measurements performed on this system, in situ I−V characteristics of organic 
DiMe−PTCDI modified diodes were recorded. Several samples with different thickness of the 
organic layer (from 2 nm to 60 nm) were measured. Each sample contains more than 20 
diodes of three different sizes. The statistics gave a reproducibility of 70% in the current 
density, which is important for excluding leakage currents through the surface.  
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Fig.6.11. I-V characteristics of Ag / DiMe−PTCDI / H+GaAs(100) 
for several thicknesses of the organic layer 
 
A representative I−V curve for 
each thickness is shown in 
Fig. 6.11. It should be pointed out 
that the I−V characteristics for 
the 2 nm thin DiMe−PTCDI 
organic modified diode looked 
very similar to that of the 
reference diode. Due to this 
match in the I−V characteristics 
for layer thicknesses below 4 nm, 
the curve corresponding to the 
intermediate 2 nm thickness of 
DiMe−PTCDI deposition was not 
shown. 
 
The saturation current density Js is obtained by extrapolation of the linear portion in the I−V 
characteristics under forward and reverse bias and from these values the effective barrier 
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height for both polarities are deduced. Additionally, their respective ideality factor is resumed 
in Table 6.1.  
  
DiMe−PTCDI 
thickness / nm 
 
Barrier height / eV 
forward bias 
± 0.03 eV 
Ideality factor 
forward bias 
± 0.02 
Barrier height / eV 
reverse bias 
± 0.03 eV  
Ideality factor
reverse bias 
± 0.02 
0 0.86 1.08 0.84 1.05 
4 ± 1 0.85 1.09 0.81 1.06 
8 ± 2 0.83 1.10 0.81 1.05 
15 ± 3 0.87 1.08 0.81 1.08 
30 ± 5 0.89 1.07 0.79 1.08 
60 ± 8 0.89 1.07 0.81 1.06 
Table 6.1. Barrier height and ideality factor deduced for DiMe−PTCDI organic−modified H+GaAs(100) 
diodes under forward and reverse bias regimes. 
 
The results show that within the statistical variation the effective barrier height and ideality 
factor under forward bias does not change after DiMe−PTCDI modification of the 
Ag / H+GaAs Schottky diode. The barrier amounts to effφ  ≅ (0.86 ± 0.03) eV with an ideality 
factor n = 1.08 ± 0.02. This observation agrees with the interpretation of UPS measurements.  
 
The barrier height values deduced for organic−modified diodes under reverse bias are 
slightly lower, with an average of effφ  ≅ (0.81 ± 0.03) eV. This is probably due to parasitic 
currents induced by deposition of the organic layer that make an additional high resistive 
path between the H+GaAs substrate and the back contact.  Such leakage currents strongly 
influences the measurement under reverse bias due to the small currents involved in the 
measurement. In this sense, the analysis of I−V characteristics under forward bias regime is 
more reliable. 
 
For applied bias higher than +0.4 V, the I−V characteristics begin to deviate from the initial 
linear behavior in the semilogarithmic scale due to the influence of the series resistance of 
the organic layer and possible changes in the transport mechanism. Indeed, for thin organic 
layers the series resistance should be negligible compared to the resistance of the H+GaAs 
depletion region. Hence, under this condition, the carrier injection is only limited by the 
potential barrier at the injecting contact. However for thick organic layers, the resistance of 
the organic layer becomes larger and the electric properties are influenced by the bulk 
transport properties of the DiMe−PTCDI organic layer. 
 
Whether those changes in the transport mechanism are due to space charge limited currents 
(SCLC), trap charge limited currents (TCLC) or other mechanisms, as well as the reason for 
the dramatic increase in the current under reverse bias observed for DiMe−PTCDI 
organic−modified diodes, will be addressed further (in chapter 7) under the support of 
impedance spectroscopy measurements, charge transient spectroscopy and subsequent 
modeling.  
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6.3. In situ Capacitance-voltage measurements. 
 
Capacitance−voltage (C−V) characteristics for the series of DiMe−PTCDI modified 
H+GaAs(100) Schottky diodes were measured while varying the thickness of the organic 
layer. Similar to the case of I−V measurements, in Fig. 6.12 the specific capacitances 
(i.e. capacitance per unit area) of typical selected diodes corresponding to each organic layer 
thickness are plotted. The reproducibility of the measured specific capacitance falls at least 
within the 70% of reproducibility of the total number of deposited diodes (between 20 and 25 
depending on the sample size). 
 
 
Fig. 6.12. C−V characteristics of DiMe−PTCDI modified 
diodes as a function of the organic layer thickness. The 
measurements were taken at a frequency of 1 MHz. 
Taking the measured specific 
capacitance of Ag / H+GaAs(100) 
Schottky diodes as a reference, an 
increase of the specific capacitance 
for DiMe−PTCDI organic layer 
thicknesses below 8 nm is visible. 
For additional coverage by the 
DiMe−PTCDI  layer, the specific 
capacitance is reduced, becoming 
lower than that one corresponding to 
the Ag / H+GaAs reference diode. In 
addition, a gradual decrease in the 
curvature of the C−V characteristics ( )VC ∂∂  is observed for thick layers 
(> 8 nm) of DiMe−PTCDI modified 
diodes. 
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The decrease in the curvature  ( VC )∂∂  suggest that as the organic film becomes thicker 
and more compact behaves like an insulator with a capacitance almost independent of the 
voltage. The electron bandgap value for DiMe−PTCDI (~ 2.6 eV) deduced from the combined 
analysis of PES, IPES and I−V measurements predicts an insulator−like behaviour of the 
organic layer. Hence, in the case of an ideal insulating organic layer (i.e. densely packed, 
without voids and trap states) the capacitance of DiMe−PTCDI should be close to the values 
of a geometrical specific capacitance Corg (Eq. 6.6.) 
L
C orgorg
ε=   
( 6.6 ) 
with a permitivity orgε  and thickness L.  
 
At this point two remarks should precede the subsequent discussion: 
i. the term “capacitance” will refer to the “specific capacitance”. If there is some reason 
for an exception, the absolute measured value of the capacitance, i.e. an area 
dependent value, will be explicitly mentioned as “absolute capacitance”. 
ii. The difference between the concepts of “permittivity” xε   and “dielectric constant” 
for an xk x  material lies in the relationship (Eq. 6.7). 
 
Chaptt err   6..   Enerr gy  ll evell   all ii gnmentt   off   Dii Me-- PTCDII   modii ff ii ed  dii odes  --   89  --   
 
0xx k εε =  (6.7) 
where  is the vacuum electrical permittivity. Thus, the “dielectric 
constant”  is a dimensionless quantity, normally taken as a factor for comparing the 
dielectric permitivity of a material with respect to vacuum. As an example, the GaAs dielectric 
constant at room temperature (300 K) is 
114
0 cm/F1085.8
−−×=ε
xk
1.13kG =  [Blakemore1982] and the corresponding 
electrical permitivity is . 1120G Fcm1016.11.13
−−×≈= εε
 
Due to the capacitance of the organic layer behaving like a geometrical one, a general failure 
in the classical theoretical expressions derived for the behaviour of the capacitance of a 
Schottky barrier under reverse bias is expected. Indeed, a plot of  as a function of the 
applied reverse bias does not result in a linear behaviour of the experimental data. Moreover, 
the usual procedure used for the evaluation of C−V measurements on metal / inorganic 
semiconductor Schottky barriers results in unrealistic values of the free carrier density in the 
depletion region and in the barrier height as well. 
2C −
 
This situation encourages to create a simple model for evaluating the influence of the 
DiMe−PTCDI organic layer thickness on the C−V curves of organic−modified H+GaAs(100) 
diodes. One first attempt is to consider the measured capacitance as the result of connecting 
two capacitors in series. The first one being the capacitance of the organic layer  and the 
second one corresponds to the depletion region of the H
orgC
+GaAs substrate . In the 
geometrical approach to the DiMe−PTCDI capacitance, the dielectric constant value close to 
that measured for PTCDA in the direction perpendicular to the molecular plane (
GC
0.2korg =  
[Forrest 1997] ) is taken as an initial fit parameter. The reason for this assumption lies in the 
fact that both organic compounds are perylene derivatives and possess a very similar 
electrical and optical bandgap as already discussed above. However, the dielectric constant 
is an anisotropic quantity which exhibits different values depending on the molecular axis, i.e. 
the direction in which it is measured [Friedrich2003]. Thus, differences in the dielectric 
constant values of both organic materials due to the respective molecular orientations cannot 
be disregarded. 
 
Considering a simple series combination of the geometrical organic capacitor  and the 
capacitance  originating from the depletion region of Ag / H
orgC
GC
+GaAs diode, the equivalent 
capacitance  of the organic−modified diode is given by the usual relationship: eqC
orgG
orgG
eq CC
CC
C +
⋅=  (6.8) 
without consideration of the relative magnitude of each individual capacitance, they can be 
related as: 
orgG CC α=  (6.9) 
with  ∞<< α0 . Substitution of Eq.6.9 into Eq.6.8. results in the expression: 
orgeq C1
C ⎟⎠
⎞⎜⎝
⎛
+= α
α   (6.10) 
 
Chaptt err   6..   Enerr gy  ll evell   all ii gnmentt   off   Dii Me-- PTCDII   modii ff ii ed  dii odes  --   90  --   
 
from Eq. 6.10 it is easy to deduce that the equivalent capacitance only can take values 
between two extremes given either by  or , but never higher. Moreover, the value of 
 is governed by the smaller capacitance.  
eqC
GC orgC
eqC
  
From the discussion above it is concluded that the total capacitance of DiMe−PTCDI organic 
modified H+GaAs Schottky diode is not so simple as a sum of two independent geometrical 
capacitors in series, one originated from the organic layer and the other from the depletion 
region of the inorganic GaAs semiconductor, without mutual interaction. Based on the 
previous indications of an incomplete coverage of H+GaAs(100) by the organic DiMe−PTCDI  
layer at nominal thickness of the organic layer below 8 nm − as  provided by PES and I−V 
measurements − a simple model for the interpretation of C−V characteristics of the organic 
modified diodes was created.  
 
The model assumes an island−like growth mode since the first monolayer of DiMe−PTCDI 
deposition on H+GaAs. Usually, the thickness of the organic layer is estimated by a 
correlation between the measured frequency shifts in the quartz microbalance and the data 
from AFM measurements. However, this procedure assumes a complete and uniform 
coverage by the organics from the first deposition, the subsequent layers growing uniformly 
one after another. For the case of island formation the coverage is not uniform and, because 
the quartz microbalance monitors the mass deposited on the crystal surface, the “effective” 
thickness x of the islands should be higher than that obtained from AFM calibration (“nominal 
thickness” L).  Hence, when developing this model, two facts are assumed: 
i. The growth of the DiMe−PTCDI layers on H+GaAs is island−like. 
ii. There is some interaction between the metal / DiMe−PTCDI / H+GaAs(100) 
heterostructure able to change the effective built−in potential through both interfaces. 
 
In other words, mainly the built−in voltage in the H+GaAs(100) interfaced with DiMe−PTCDI is 
modified. One expects changes with respect to the measured value of the reference built−in 
potential of the metal / semiconductor junction ( Ag / H+GaAs(100) ), which amounts to 
 = 1.14 eV, as already deduced for the reference diode in chapter 5. 0bV
 
 
Following the physical arguments exposed 
above, deposition of the organic layer starts 
to cover the H+GaAs(100) surface while 
forming islands. As sketched in Fig. 6.13., the 
total contribution of DiMe−PTCDI islands 
formed on the H+GaAs surface  is 
represented by a uniform layer of the organic 
material, with an area  and “effective 
thickness” 
xA
x . The distinction between the 
“effective thickness” x  and the “nominal 
thickness” L emerges from the assumption of 
an island−like growth.  
 
Fig. 6.13. Model for the interpretation of the C−V 
characteristics of DiMe−PTCDI organic modified 
Schottky diodes. 
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For correlating the respective quantities L and x, special attention is paid to the fact that the 
quartz microbalance shift basically depends on the mass of the organic layer ( ) 
deposited on the vibrating crystal. Thus, the desired relationship between the “nominal 
thickness” L and the “effective thickness”
orgm
x , is expressed by Eq. 6.11. 
xAALm xorgorgorg ρρ ==   (6.11) 
where A refers to the diode area ( i.e. the area of metallic silver dots deposited on the 
DiMe−PTCDI ), Ax is the fraction of total diode area effectively modified by the organic 
material and ρorg is the specific mass of the organic material. A brief examination of Eq. 6.11. 
highlights the fact that the “effective thickness” is, in general, higher than the “nominal 
thickness”, and they only become equal after full coverage by the DiMe−PTCDI organic layer 
( ) is achieved. AAx =
 
Under the situation sketched in Fig. 6.13. the silver coverage only gives rise to two well 
defined contributions to the total measured capacitance of the DiMe−PTCDI modified diodes. 
The first one stems from the uncovered Ag / H+GaAs reference diode. But the second one 
shows effectively the modification of the reference Schottky diode by means of a change in 
the surface potential surface (i.e. the so−called built−in potential)  induced by the 
DiMe−PTCDI interlayer between the metal and GaAs(100). 
 
The situation is illustrated in the proposed equivalent circuit shown in Fig. 6.14. 
 
Fig. 6.14. Equivalent circuit proposed for the 
interpretation of C−V measurements of 
DiMe−PTCDI modified H+GaAs diodes at a fixed 
AC frequency.  
 
The left branch corresponds to the uncovered 
surface of the organic−modified diode. In 
other words, it is the contribution to the 
capacitance due to the Ag / H+GaAs 
reference diode with a reduced effective area ( )xAA − . 
 
On the other hand, the right branch consists 
of a serial arrangement of the organic layer 
capacitance and the inorganic substrate 
capacitance.  The effective area of this serial 
arrangement is  (being ). xA AAx <<
 
For the left branch, the expression for the capacitance is given by that corresponding to a 
Schottky barrier under reverse bias with a reduced area [Rodherick1988]: 
( )
( ) 210b
x
2
1
G
G
VV
AA
2
Ne
C
+
−⎟⎠
⎞⎜⎝
⎛= ε   (6.12) 
Where N is the free carrier density, which at room temperature is nearly the dopant density, 
and  is the built−in potential of the reference diode.  0bV
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The equivalent capacitance of the right branch is a series combination of the organic layer 
capacitance  and the capacitance of covered HorgC
+GaAs surface . At zero bias, the 
value of  is defined by changes in the free carrier density N, the covered area and the 
built−in potential . However, the absence of strong interaction between the organic film 
and the substrate excludes the possibility of significant changes in the free carrier density. 
Then, the capacitance of the covered H
xC
xC xA
biV
+GaAs surface is given by: 
( ) 21bi
x
2
1
G
x
VV
A
2
Ne
C
+
⎟⎠
⎞⎜⎝
⎛= ε  
 
(6.13) 
For the organic layer, the capacitance behaves nearly like a geometrical one: 
x
Ak
x
A
C x0orgxorgorg
εε ==  
(6.14) 
x being the “effective thickness” of the organic film. The equivalent capacitance C of the 
circuit shown in Fig. 6.14 leads to the expression: 
xorg
xorg
G CC
CC
CC ++=  
 
(6.15) 
Substitution of Eqs.6.11 to 6.14 into 6.15 results in the expression 6.16 that reflects the 
change in capacitance after DiMe−PTCDI modification of the reference Schottky diode 
( CCC GaAsH/Ag ∆=− + ). 
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(6.16) 
The left hand term within square brackets belongs to the capacitance of the organic modified 
diode while the right hand term is related to the capacitance of the reference diode. 
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The unknown parameters are the 
covered area , the built−in 
potential of H
xA
+GaAs modified by 
the organic layer  and the 
electrical permitivity of the 
organic layer 
biV
orgε . Because there 
are too many unknown quantities, 
it is imperative to estimate them 
from at least three experimental 
curves. A curve fitting of the set 
of C−V characteristics for six 
different thicknesses of the 
DiMe−PTCDI layer should 
provide sufficient information.   
Fig. 6.15. Change in the capacitance of the reference diode 
induced by DiMe−PTCDI modification of the Schottky diodes. 
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In Fig. 6.15 the change in capacitance of a DiMe−PTCDI modified diode with respect to the 
capacitance of the unmodified Ag / H+GaAs diode is shown. The experimental data 
(represented by dots) are based on the measured ones, already shown in Fig. 6.12 and 
obtained by direct subtraction. Based on eq. 6.16 with a constant value of korg for the whole 
set, a fit was performed for each thickness. The final results are plotted as solid lines in 
Fig. 6.15 and the desired parameters are reviewed in table 6.2. 
 
Lexp / nm Coverage / % Vbi / eV εorg / ε0 Lfit / nm 
2.0 53 0.75 2.5 2.0 
4.0 85 0.72 2.5 3.6 
8.0 100 0.78 2.5 13.0 
15.0 100 0.77 2.5 20.0 
30.0 100 0.75 2.5 25.1 
60.0 100 0.75 2.5 31.4  
Table 6.2. Physical parameters obtained after fitting the C−V characteristics of DiMe−PTCDI modified 
diodes  for several thickness of the organic layer.  
 
For the first two depositions of the organic layer (2.0 and 4.0 nm of nominal thickness) there 
is a close agreement with the estimated ones (2.0 and 3.6 nm respectively). But the most 
important result is the indication of incomplete coverage of the H+GaAs surface by the 
organic layer for DiMe−PTCDI nominal thicknesses below 8 nm, in agreement with the 
results of photoemission, a finding in support of the island−like growth mode. Moreover, the 
thicknesses of compact layers obtained by fitting the ∆C−V plots are in all the cases lower 
than the measured ones, indicating a porous morphology (voids) of the organic layer. The 
relatively big deviation of the two thicknesses for thick organic films may be due to the model 
ignores the possibility of potential drop across the organic thin film. Even changes in orgε  
with increasing thickness cannot be excluded.  
 
The surface potential Vbi of GaAs in the presence of the organic layer has an average value 
of (0.75 ± 0.03) eV. Compared to the built−in potential for the reference diode 
(1.14 ± 0.05) eV there is an effective reduction by (0.39 ± 0.05) eV in the surface potential for 
DiMe−PTCDI modified H+GaAs diodes. According to this result, probably the reduction in the 
surface potential is induced by the presence of the dipoles at both interfaces, which amounts 
to (0.40 ± 0.15) eV. In other words, according to the polarity of both interface dipoles (see 
Fig. 6.4) a charge redistribution takes place giving rise to an excess capacitance for very thin 
organic films, which vanishes with increasing thickness of the organic layer. 
 
 Hence, there is a competition between the effect of the capacitance of the organic layer at 
very low coverages, leading to an increase in the overall capacitance, and the expected 
decrease of the latter due to the additional capacitance in series with Cg when the organic 
film thickness is increased.   
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6.4. Summary of chapter 6 
 
With regard to the expected strong dependence of the charge carrier injection process on the 
energy level configuration through the hybrid metal / organic / inorganic device, two 
differently treated GaAs(100) surfaces modified by deposition of DiMe−PTCDI were 
characterized. 
 
The corresponding energy level alignment for the Ag / DiMe−PTCDI / S−GaAs 
heterostructure was obtained  by a combination of PES and IPES techniques, leading to a 
HOMO−LUMO transport bandgap for DiMe−PTCDI of  = (2.64 ± 0.15) eV. As 
expected, this value is higher than the optical bandgap ~ 2.14 eV and leads to an exciton 
binding energy near to 0.5 eV. 
PTCDIDiMe
gE
−
 
Additional characterization of the Ag / DiMe−PTCDI / H+GaAs system by photoemission 
spectroscopy let to conclude that the dipole rule holds for the perylene derivatives PTCDA 
and DiMe−PTCDI. Hence, the interface dipole at the organic / inorganic interface is governed 
by the difference in electron affinities. From the application of this rule a value of 
χ DiMe−PTCDI = (3.83 ± 0.15) eV for the DiMe−PTCDI electron affinity was found. By using this 
value, a transport bandgap of   = (2.58 ± 0.15) eV showed the best agreement 
with the photoemission data. 
PTCDIDiMe
gE
−
 
As a consequence, the dipole rule provides an indirect method for determining the LUMO 
position, and the transport HUMO−LUMO gap, at least for the studied PTCDA and 
DiMe−PTCDI perylene derivatives. Also, it could be used as a powerful tool for estimating the 
effective barrier height effφ  expected from evaluation of I−V measurements. In this sense, the 
role of the interface dipoles is very active,  influencing effφ  and probably modifying the 
surface potential of the H+GaAs substrate, which can be assessed by evaluation of the C−V 
measurements as a function of the thickness of the DiMe−PTCDI layer. 
  
 
 Chapter 7 
 
Transport mechanisms in 
DiMe-PTCDI organic-modified 
H+GaAs(100)  Schottky diodes 
  
In the previous chapter, examination of the energy level alignment of DiMe−PTCDI 
organic−modified H+GaAs(100) diodes was performed by combined PES and I−V 
measurements. As a result, the LUMO position of the organic semiconductor has been found 
to be slightly below CBM of H+GaAs, which according to the thermionic emission theory, 
leads to an invariant value of the effective barrier height as a function of the thickness of the 
organic layer. The set of in situ I−V measurements confirms qualitatively and quantitatively 
this observation. In this way, the carrier injection under forward biases in the 
organic−modified devices is explained. 
 
The remaining task deals with the transport mechanisms of injected carriers in the 
organic−inorganic hybrid device. Since the organic films are characterised for Van der Waals 
bonding between molecular entities, the resulting weak overlap of molecular orbitals leads to 
low mobility values and opens many questions concerning the validity of band theory 
concepts when they are extrapolated to the case of organic films. Thus, the quasi−free 
electron model for perfect crystals in which the electron travels along the solid without 
scattering should be substituted by another where electron-phonon interaction and dispersive 
effects due to crystalline defects or weak orbital overlapping have to be accounted for.  
 
In absence of such strict models for organic solids, which are beyond the subject of the 
present work, modelling of the electrical response of organic−modified devices will be treated 
in a classical way: a semiconducting GaAs cathode providing electron densities in an amount 
close to the donor density ( ND ~ 1 × 1016 cm−3 ) is responsible for the carrier generation. 
Subsequent carrier injection into the organic transport level (LUMO) is governed by 
thermionic emission. Once there, before reaching the metal anode, carriers are strongly 
scattered in the organic layer due to crystal imperfections and weak orbital overlapping 
leading to an almost−insulating material characterised by low mobility µorg, conductivity σ org 
and dielectric constant Korg (or dielectric permitivity ε org). Estimative values of this parameters 
of the organic layer will be obtained after characterisation of the metal / organic / inorganic 
hybrid devices by using impedance spectroscopy and current−voltage measurements. 
Additionally, disorder, defects or dielectric relaxation effects attributed to the organic layer 
can be monitored by charge transient spectroscopy QTS. 
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7.1. Morphology of DiMe-PTCDI on H+GaAs(100) 
surfaces 
 
Fig. 7.1 shows the morphology of DiMe−PTCDI layers deposited on H+GaAs for thicknesses 
of 8 nm, 15 nm and 60 nm. 
 
Fig. 7.1. Morphology of three samples with different thicknesses of DiMe−PTCDI layers deposited on 
H+GaAs.  
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For a thickness lower than 8 nm it was not possible to obtain a good contrast between the 
organic film and the H+GaAs substrate. From a macroscopic point of view, all three samples 
are basically homogeneous as can be observed in the 4 µm × 4 µm scan area (Figs. 7.1a, c 
and e). Moreover, the zoom shown in the scanned 1µm × 1µm area (Figs. 7.1b, d and f) 
allows to observe the formation of large crystals (~ 200 nm for all thicknesses). Following the 
thickness evolution of the samples, an island−like growth mode is apparent, since the grain 
size does not increase significantly as the film becomes thicker. The initial ribbon−like shape 
for the crystals (at 8 nm thickness) is gradually substituted by a spherical shape of slightly 
higher grain size (at 60 nm thickness), making the film more densely packed. 
 
For the lowest thickness (8 nm)  it is still possible to observe uncovered zones attributed to 
the H+GaAs substrate. These characteristics coincide with the growth mode of DiMe−PTCDI 
on sulphur passivated GaAs (S−GaAs). Moreover, the incomplete coverage for thickness 
lower than 8 nm, is in agreement with the experimental evidence suggested independently 
by photoemission, I−V and C−V measurements. The subsequent formation of large crystals 
prevents the formation of voids along the transport path for thickness higher than 15 nm and 
reduces the influence of the H+GaAs substrate on the electric response of the organic 
modified device.  
 
7.2. In situ charge transient spectroscopy (QTS) 
measurements on Ag / DiMe-PTCDI / H+GaAs(100) 
devices 
 
Several isothermal QTS spectra for DiMe−PTCDI modified diodes with six different thickness 
of the organic layer (from 0 to 60 nm) were recorded at selected temperatures in a range of 
200 K−300 K. Fig. 7.2. shows the QTS spectra for T = 238 K and T = 295 K, respectively. All 
the spectra were measured by applying a positive pulse of +0.4 V without DC bias.  
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Fig. 7.2. Isothermal QTS spectra of DiMe−PTCDI modified diodes at two selected temperatures. 
 
As a general trend, the intensity of the peaks decreases with increasing organic layer 
thickness. In order to have a better understanding of the origin and evolution of the relaxation 
processes detected by the QTS technique, a fit of every spectrum registered at each 
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temperature was carried out. A careful monitoring of the peak position for each relaxation 
process as a function of temperature allows an accurate estimation of the corresponding 
activation energy by constructing an Arrhenius´ plot. For low coverages of the DiMe−PTCDI 
layer, which correspond to the incomplete coverage regime, isothermal QTS spectra 
recorded at a temperature of T = 238 K are shown on the left part of Fig. 7.3. The A, B and C 
processes with an activation energy of 0.42 eV attributed to the electron level EC3 in GaAs 
are still detected, but their intensity decreases with increasing DiMe−PTCDI thickness. 
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Fig. 7.3. Fitted  isothermal QTS spectra for DiMe−PTCDI thickness below 8nm on H+GaAs substrates. 
 
Reduction of the intensity of trap levels by deposition of the organic layer can be explained 
either by effective reduction of the trap density, or simply by reduction in the amount of 
carriers emitted from H+GaAs due to scattering by the DiMe−PTCDI layer. Taking into 
account the incomplete coverage and the island−like growth mode of the DiMe−PTCDI layer, 
the former possibility agrees quite well with the sharpening of Ga3d and As3d core levels 
observed by photoemission spectroscopy on the same organic layer deposited on sulphur 
passivated GaAs substrates (chapter 4). 
 
The latter case points out to the possibility of an “slowing down” of the characteristic 
emission time of the carriers due to the presence of the organic layer. Thus, part of the 
emitted charge carriers are scattered by the organic layer and its characteristic time 
response becomes slower and hence the peak D detected at lower time responses becomes 
higher in intensity. In addition, a small broad peak of variance 0.6 located below 10 −2 s is 
present in several samples. This peak is attributed to contributions from the back contact 
since they can be separated because it is not thermally activated and is present at fluctuating 
intensity from one sample to another. 
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For room temperature the characteristic H+GaAs features E and F, with an activation energy 
of 0.89 eV assigned to EL2 electron level already described in chapter 5, decrease with 
increasing thickness and follow the same trend observed at low temperatures. However, 
after 4 nm of DiMe−PTCDI coverage, a new feature G with a characteristic variance of 0.36 
and activation energy of 0.72 eV appears. This activation energy agrees quite well with the 
energy level diagram depicted in the previous chapter (Fig. 6.10).  
 
From the energy diagram, an activation energy of (0.70 ± 0.05) eV is required for electrons in 
the organic layer to reach the metallic electrode. This process includes the energy for charge 
carriers (0.2 eV) needed to overpass the opposite electric field at the organic / metal 
interface. The feature becomes dominant for additional coverages of the organic film as 
depicted on the right part of Fig. 7.4. while all the features originated from H+GaAs are totally 
screened at room temperature after deposition of 15 nm thick film of DiMe−PTCDI. This led 
to conclude that this relaxation is intrinsic to the organic layer probably attributed to a trap 
level at the metal / organic interface. 
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Fig. 7.4. Fitted isothermal QTS spectra for DiMe−PTCDI thicknesses > 8 nm on H+GaAs substrates. 
 
For low temperatures the screening of H+GaAs feature is accompanied by emergent broad 
peaks of variance 0.5 and a small activation energy which varies between 17 and 24 meV, 
which most probably are associated with disorder in the organic layer. Following the 
interpretation suggested by Bässler [1993] these would be the typical activation energies 
necessary for hopping transport processes in disordered organic solids. 
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7.3. In situ impedance spectroscopy measurements 
on Ag / DiMe-PTCDI /H+GaAs(100) diodes. 
 
In order to explore the frequency dependence of DiMe−PTCDI modified H+GaAs diodes, 
impedance spectroscopy measurements in the range 1 kHz – 1MHz were performed in situ. 
The real and imaginary parts of the impedance are displayed in Figs. 7.5a. and 7.5b. 
respectively. No significant changes are observed for the imaginary part, since the big 
resistance of the depletion layer makes the AC current to flow through the equivalent 
capacitor as it was pointed out in chapter 5 for the reference diode.  
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Fig. 7.5. Real (Zr) and imaginary (Zim) parts of the impedance for organic−modified diodes as a 
function of the organic layer thickness. The measured range was between 1 KHz and 1 MHz. 
 
Hence, the imaginary part of the impedance is given by the expression: 
eq
im C
1Z ω=  (7.1) 
The equivalent capacitor Ceq for organic modified diodes consist of a series arrangement of 
the capacitance due to the organic layer C′  and the depletion region of H+GaAs CG. This 
configuration was already measured for a frequency of 1 MHz (Fig. 6.12). For a reverse bias 
of 0.1 V the specific capacitance varies between 3.0 × 10−8 Fcm−2 and 4.3 × 10−8 Fcm−2. 
Thus, the expected variation in the imaginary component of the impedance for this frequency 
amounts to: 
( ) Ωω
δδ 14
Fcm103s10
Fcm103.1
C
C
Z 22816
28
2
eq
eq
r ≅×
×== −−−
−−
 (7.2) 
 
which is within the intrinsic error of the measurement technique. More significant are the 
observed changes in the real component of the impedance, nevertheless the big error 
(estimated to be higher than 10%) involved in the measurement.  
 
For modelling the real part of the impedance response in organic−modified diodes, an RC 
parallel circuit, composed by a resistor R ′  and a capacitor C′  is assembled in a series 
configuration with the reference diode, as sketched in Fig. 7.6. Then, the equivalent circuit is 
composed of more than five elements. 
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Fig. 7.6. Equivalent circuit for 
interpretation of impedance 
measurements on 
Ag / DiMe−PTCDI / H+GaAs 
diodes. 
 As it was shown previously in chapter 5, for fitting the 
reference diode it was necessary to use a combination of two 
RC circuits: one representing the depletion region of the 
semiconductor and the second one taking into account the 
contribution of the back contact. The depletion region fit 
resulted in a resistance RG = 80 MΩ and capacitance 
CG = 1.3 × 10−10 F, while the bulk resistance of H+GaAs is 
estimated in 25 Ω. On the other hand, the back contact 
contributes with a resistance RX = 120 Ω and capacitance 
CX = 6.3 × 10−9 F, attributed to the Indium / H+GaAs back 
contact with 2.3 mm radius. 
 
The influence of DiMe−PTCDI on organic−modified diodes, as 
a function of the thickness can be observed on Fig. 7.7. For 
thickness up to 8 nm, the same parameter values used for 
fitting H+GaAs and the back contact are kept, within the 
expected reasonable variations of the back contact from one 
sample to another (RX = 80−120 Ω, CX = 6.3−7.1 × 10−9 F). An 
additional contribution comes into account and it is illustrated 
in the DiMe−PTCDI organic modified diodes in Fig. 7.7 with an 
olive colour. At first glance this contribution to the impedance 
stems form the organic layer. 
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Fig. 7.7. Fitting of the real part of impedance as a function of the organic layer thickness. 
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A careful examination of the fit parameters leading to  R’ = 800 Ω, C´ = 1.7−1.1 × 10−8 F  
values allows to conclude that it is a reasonable value for the capacitance, only if the 
assumption of an almost perfect geometric capacitor induced from the organic layer, can be 
considered as a gross estimate. Indeed, the geometric approach of the organic layer 
capacitance depends exclusively of the thickness, since the analysis of C−V measurements 
led to a dielectric constant value between 2 and 3 times the dielectric vacuum permitivity for 
DiMe−PTCDI. Thus, the capacitance from a 2 nm deposited DiMe−PTCDI layer with a 
circular diode of half millimetre radius, under the geometrical approach, results in a value of: 
( ) ( ) F101F107
cm102
cm105Fcm1085.832
L
A
C 897
22214
s −−
−
−−−
×−×≅×
×⋅⋅×⋅−== πε  
 
(7.3) 
which is near to what in principle was expected. However, the discrepancy becomes larger 
with increasing thickness because the capacitance should be reduced. Instead, an increase 
of the capacitance up to C´ = 1.3 × 10−7 F was estimated for a film of 60 nm of DiMe−PTCDI. 
At the same time a resistance of 800 Ω is excessive for a non homogeneous deposited 
organic layer of 4 nm thickness. Both factors point to the possibility of trap sites as the origin 
of this relaxation. The contribution of such electron traps then are represented for a 
frequency dependent resistor ( )ωR  with the form: 
( ) 2
0
1
RR
⎟⎠
⎞⎜⎝
⎛+
′=
ωω
ω   (7.4) 
with a resonance frequency of 1.2−1.8 × 104 Hz. If those traps were also present in the 
reference diode they would result in a value of R’ = 330 Ω which is much smaller than the 
ones obtained after deposition of the organic layer, as shown in table 7.1. Therefore, they 
would have a negligible contribution to the impedance. Thus, this frequency dependent 
resistor is due entirely to the presence of the organic layer. Probably it resembles the 
behaviour of a trap level at the metal / organic interface as previously suggested for QTS 
measurements. 
 
Thickness / nm 0 4 8 15 30 60 
R’ / Ω 330 800 800 1000 1500 1500 
r / Ω 25 28 28 115 120 340 
Table 7.1.  Fit parameters for impedance measurements of DiMe−PTCDI modified H+GaAs diodes. 
 
In the same table the estimated values for the bulk resistance r are also presented, which 
contain contributions from the H+GaAs bulk, the DiMe−PTCDI layer and probably the back 
contact. Under the supposition of having a good back contact with a resistance lower than 
15 Ω for the 60 nm thickness sample, and subtracting the contribution of H+GaAs, a 
resistance of the organic layer close to 300 Ω would be acceptable. In such case, the 
resistivity of uniform DiMe−PTCDI organic layers would be: 
cm105.2
cm1060
)cm104(300
L
RA 5
7
22
ΩπΩρ ×=×
×⋅⋅== −
−
 
(7.5) 
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If all the carriers are supplied by H+GaAs with a density near to the doping level 
n ≈ 1 × 1016 cm−3, the resulting mobility is: 
( ) ( ) 112315316191 sVcm105.2cm105.2cm101c106.1en −−−−−−− ×=×⋅×⋅×== Ωρµ  (7.6) 
which is a typical value for solid organic films.  
 
As a final comment concerning the results of impedance measurements, there is a general 
increase in the value of the real part of the impedance after being modified by deposition of 
the DiMe−PTCDI organic layer. The increase is specially remarkable at higher frequencies, 
opening the possibility of increasing the operation range of GaAs−based rectifying diodes by 
deposition of organic layers. This process would reduce leakage currents on GaAs at high 
frequencies. However this possibility depends strongly on how the organic layers can 
influence other properties of GaAs, i.e. its intrinsic defect density, mobility, etc.  
 
7.4. In situ current-voltage (I-V) measurements on 
Ag / DiMe-PTCDI /H+GaAs(100) diodes. 
 
In chapter 6 the set of in situ current−voltage measurements for different thicknesses of 
DiMe−PTCDI organic modified H+GaAs diodes was already presented. The discussion was 
focused on the carrier injection mechanism: a thermionic emission process through an 
effective barrier height that basically does not depend of the organic layer thickness. 
However, the issue related to transport mechanisms in the organic layer was postponed. The 
starting point of that discussion is provided by fitting the I−V characteristics of the devices 
(Fig. 7.8). 
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Fig. 7.8. Best fitting results of the I−V characteristics for DiMe−PTCDI modified H+GaAs diodes.  
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For the reference diode it was enough to consider a device were part of the voltage is 
dropped through the depletion region and the remaining one by the bulk series resistance. In 
order to have an analytical expression for the voltage dropped through the depletion region 
of H+GaAs, eq.5.1. was simplified to: 
( )nkTeVexpJJ s=  (7.7) 
This simplification is valid for voltages greater than e
kT3V > . At room temperature, the 
validity of eq.7.7. starts from values higher than 0.08 V, thereby departures from the 
experimental values are expected for very low voltages as can be appreciated for all fittings. 
In this way, it was possible to fit the I−V characteristics for the reference diode with an 
ideality factor of n = 1.06 ± 0.02 and a series resistance of 5 Ω. For the thinnest organic layer 
(4 nm) the same series resistance was obtained but a slight increase in the ideality factor of 
n = 1.09 ± 0.02 was registered. 
 
However, the simplicity of this model was not enough for fitting I−V curves corresponding to 
thicker organic layers.  A slightly more complex model includes an space charge limited 
current regime (SCLC) which obeys to the relationship: 
3
2
sSCLC d
V
8
9J µε=  
(7.8) 
Keeping the series resistance of 5 Ω for H+GaAs, the assumption of a thermionic emission 
injection process results in an increased ideality factor value of  n = 1.11 ± 0.02. Additionally, 
the estimated DiMe−PTCDI mobility was  µ = 4 × 10−4 cm2V−1s−1, a value lower than the one 
deduced from impedance measurements. But the supposition of SCLC proves to be not 
suitable for fitting I−V characteristics of thicker organic layers. As it was already mentioned in 
chapter 2, the SCLC regime constitutes a particular case of the most general situation of a 
trap charge limited current regime. For this reason, expressions describing the TCLC regime: 
( ) 1l2
1l1ll
t
s
CTCLC d
V
1l
1l2
1leN
l
eNJ +
++
⎟⎠
⎞⎜⎝
⎛
+
+⎥⎦
⎤⎢⎣
⎡
+=
εµ  
 
(7.9) 
with kTEl t= , were employed for organic layers thicker than 15 nm. Table 7.2 resumes the 
fitting parameters. 
 
Thickness / nm NC / cm−3 µ / cm2V−1s−1 l Nt / cm−3
15 3 × 1016 7×10−4 0.75 1 × 1016
30 3 × 1016 7×10−4 0.65 1 × 1016
60 4 × 1016 7×10−4 0.90 1 × 1016
 
Table 7.2. Parameters for fitting I−V characteristics of DiMe−PTCDI modified diodes 
 under the supposition of a dominant trap charge limited current regime (TCLC). 
 
The results highlight the presence of a high density shallow traps, with an activation energy 
varying between 15 and 24 meV. These values agrees with those calculated from isothermal 
QTS measurements on the same layers, attributed to disorder on the organic layer. Also, the 
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mobility presents a closer agreement with the one extracted from the impedance analysis. As 
it could be appreciated in Fig. 7.8. the fit using relatively simple expressions is not quite 
perfect. The main reason is that many conditions involved in deducing this single equation 
are not fulfilled.  Neglect of carrier diffusion, an infinitely high carrier density at the contact 
and inadequate knowledge of the energy distribution and density of trap states are counted 
as possible reasons. They had to be introduced at some extent arbitrarily, in order to have 
simple analytical solutions for cases involving contributions from trap levels. 
  
Nevertheless the complexity of the device, this approach used for the analysis of I−V curves 
points to the key role played by trap states in the transport mechanisms of devices based on 
organic layers. Moreover, by analogy with properties of inorganic semiconductors, it allows a 
rough estimation of important parameters for assessing the performance of operating 
devices. 
 
7.5. Summary of chapter 7 
 
An island−like morphology of DiMe−PTCDI films deposited on H+GaAs was observed by 
AFM measurements confirming the findings obtained by PES, I−V, and C−V measurements. 
This is important since it leads to formation of voids for organic layer thickness below 16 nm. 
Thereby, there is strong influence of the H+GaAs substrate properties in Schottky diodes 
modified by thin organic films. Also QTS measurements support this observation: for thin 
films most of the features stem from the inorganic substrate. At low temperatures (T < 250) a 
new feature attributed to scattering of charge carriers is observed while at higher 
temperatures the presence of presumably, a trap state at the metal / organic interface is 
revealed. This last relaxation has an activation energy of 0.72 eV and is always present in 
DiMe−PTCDI modified H+GaAs diodes. In layers thicker than 16 nm measured at low 
temperatures features with small activation energies associated to disorder in organic films 
were evidenced. Additionally impedance measurements in the range 1 kHz−1 MHz were 
performed on the heterostructure. The results could be modelled by 3 RC parallel circuits, 
corresponding to the H+GaAs depletion region, the back contact and the DiMe−PTCDI layer 
respectively, connected in a series arrangement. The organic layer consist in a non linear 
resistor with a frequency dependent behaviour resembling trap states. 
 
Finally, simulation of I−V characteristics for organic−modified was intended using analytical 
expressions deduced for a trap charge limited regime. The fittings become less accurate with 
increasing thickness layer, indicating that modelling involving a more complex model is 
needed. However, the fit provides reasonable results and points to the role of shallow traps 
in the charge transport mechanism a led to estimate some important electric properties of the 
metal / organic / semiconductor hybrid structure. 
  
 
 Chapter 8 
 
Conclusions 
 
In the present work a Metal / organic / inorganic semiconductor hybrid heterostructure 
(Ag / DiMe−PTCDI / GaAs) was built under UHV conditions and characterised in situ. The 
aim was to investigate the influence of the organic layer in the surface properties of 
GaAs(100) and in the electrical response of organic−modified Ag / GaAs Schottky diodes. 
The device was tested by combining surface−sensitive techniques (Photoemission 
spectroscopy and NEXAFS) with electrical measurements (current−voltage, 
capacitance−voltage, impedance and charge transient spectroscopies).  
 
Core level examination by PES confirms removal of native oxide layers on sulphur 
passivated (S−GaAs) and hydrogen plasma treated GaAs(100) (H+GaAs) surfaces. 
Additional deposition of ultrathin layers of DiMe−PTCDI may lead to a reduction of the 
surface defects density and thereby to an improvement of the electronic properties of GaAs. 
 
The energy level alignment through the heterostructure was deduced by combining UPS and 
I−V measurements. This allows fitting of the I−V characteristics with electron as majority 
carriers injected over a barrier by thermionic emission as a primary event. For thin organic 
layers (below 8 nm thickness) several techniques (UPS, I−V, C−V, QTS and AFM) show non 
homogeneous layer growth, leading to formation of voids. The coverage of the H+GaAs 
substrate as a function of the nominal thickness of DiMe−PTCDI was assessed via C−V 
measurements assuming a voltage independent capacitance of the organic layer.  
 
The frequency response of the device was evaluated through C−V and impedance 
measurements in the range 1 kHz−1 MHz. The almost independent behaviour of the 
capacitance in the measured frequency range confirmed the assumption of a near 
geometrical capacitor, which was used for modelling the impedance with an equivalent circuit 
of seven components. From there it was found a predominance of the space charge region 
impedance, so that A.C. conduction can only takes place through the parallel conductance, 
with a significant contribution of the back contact. Additionally a non linear behaviour of the 
organic layer resistance  probably due to the presence of traps was deduced.  ( )ω'R
 
QTS measurements performed on the heterostructure showed the presence of two 
relaxations induced by deposition of the organic layer. The first one is attributed to the 
presence of a deep trap probably located at the metal / organic interface, while the second 
one has very small activation energy ( ~ 20 meV) which are probably due to disorder  at the 
organic film. Those processes with small activation energies proved to be determinant for 
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fitting the I−V characteristics of DiMe−PTCDI organic modified diodes using the expressions 
of a trapped charge limited current regime TCLC. Such a model was the best analytical 
approach found for fitting the I−V response. Further improving probably will involve 
implementation of numerical calculations or additional considerations in the physics of the 
device. 
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Fig. 1.1. Typical commercially available optoelectronic devices involving the use of 
organic thin films (After J. Campbell 2003). 
Fig. 1.2. Interfacial energy profiles at the metal / GaAs contact  (After Wu.et al. 2001). 
Fig. 2.1. σ−hybrids and π−molecular orbitals in benzene. 
Fig. 2.2. Electronic structure of an organic solid represented with potential wells.  
(After Ishii et al. 1999). 
Fig. 2.3. Electron hopping and tunnelling through a triangular potential barrier. 
Fig. 2.4. Energetics of the charge injection process. 
Fig. 3.1. Assembly for in situ characterisation by electrical measurements under UHV 
conditions a) reference Ag / H+GaAs(100) diode, and b) organic−modified H+GaAs(100) 
Schottky diode. 
Fig. 3.2. Remote hydrogen plasma geometry. 
Fig. 3.3. Comparison of HCl−etched GaAs and hydrogen plasma treated GaAs 
(H+GaAs) by XPS for Ga3d, As3d, C1s and O1s core levels. The emission line is 
Mg Kα (hν = 1253.6 eV). 
Fig. 3.4. Valence band spectrum of H+GaAs(100) 
Fig. 3.5. Effect of HCl etching and Hydrogen plasma treatment on the I−V 
characteristics of Ag / GaAs. 
Fig. 3.6. Effect of hydrogen ions on the GaAs surface. (After Okumura1999). 
Fig. 3.7. Comparison of in situ and ex situ I−V characteristics for an hydrogen plasma 
treated GaAs substrate. 
Fig. 3.8. XPS measurements of sulphur passivated GaAs(100) (S−GaAs) using Al K∝ 
for Ga3d, As3d, C1s and O1s core levels. 
Fig. 3.9. Soft XPS measurements of sulphur passivated GaAs(100) (S−GaAs) using 
synchrotron radiation. 
Fig. 3.10. Comparison of the in situ and ex situ I−V characteristics for  
Ag / S−GaAs(100) Schottky diodes. 
Fig. 3.11. Molecular structures of two perylene derivatives: a) The prototype PTCDA. 
b) DiMe−PTCDI. 
Fig. 3.12. Three different views of the DiMe−PTCDI crystalline structure. 
Fig. 3.13. Valence band states of DiMe−PTCDI (recorded at hν=55 eV). 
Fig. 3.14. Optical absorption spectra of PTCDA and DiMe−PTCDI deposited on quartz. 
Fig. 3.15. Definition of some semiconductor electronic properties. 
Fig. 3.16. Determination of energy level alignment from UPS. 
Fig. 3.17. Schematic potential (left) and K−shell NEXAFS spectra (right) of polyatomic 
molecules. 
Fig. 3.18. Main parameters in a metal / semiconductor junction. 
Fig. 3.19. Evaluation of barrier height and ideality factor from I−V measurements. 
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Fig. 3.20. Capacitance of an ideal Schottky diode  under reverse bias. 
Fig. 3.21. Evaluation of C−V measurements. 
Fig. 3.22. A Schottky diode for a) zero bias, b) reverse bias at t=0, c) Reverse bias at 
t→∞. Also, d) the applied voltage and e) the resultant capacitance transient are shown. 
Fig. 3.23. Simulation of an isothermal QTS spectrum. a) Charge as a function of time in 
a linear scale showing the time constant when 63% of the total charge Q0 is reached. 
b) Isothermal QTS spectrum derived from the charge relaxation shown in a), using 
eq. 3.15 for t2 = 2t1. 
Fig. 4.1. AFM measurements of DiMe−PTCDI films grown on S−GaAs(100) for 
thickness of  a) 20 nm, b) 53 nm and c) 200 nm respectively. The images are compared 
with d) 30 nm thick PTCDA  films on S−GaAs. 
Fig. 4.2. Inhomogeneous band bending and broadening of core levels in photoemission 
spectra. (After Cimino et al. 1995). 
Fig. 4.3. As3d and Ga3d core level fitting of S−GaAs(100). 
Fig. 4.4. Geometrical representation of MOs for perylene derivatives in terms of a σ* 
plane and a π* vector perpendicular to it. 
Fig. 4.5. Laboratory coordinate system defining the geometry of a π* vector orbital on 
the sample surface. 
Fig. 4.6. Schematic diagram of the relative π* and σ* intensities of a planar conjugated 
molecule lying  flat on the substrate surface, as a function of the incident angle of  
linearly polarised synchrotron radiation. 
Fig. 4.7. Orientation of the GaAs(100) substrates for NEXAFS measurements. 
Fig. 4.8. Angular dependent NEXAFS spectra for a 10nm thick DiMe−PTCDI deposited 
on two differently oriented GaAs(100) substrates. The crystalline direction along the x 
coordinate of the laboratory is shown. 
Fig. 4.9. Intensity ratio of π* resonances with respect to the maximum observed 
(Imax = 1) as a function of the incident angle θ. Different symbols denote different 
samples. 
Fig. 4.10. Energy dependent valence band spectra of DiMe−PTCDI. 
Fig. 4.11. a) DiMe−PTCDI crystal plane and the relative orientation of molecules with 
respect to the S−GaAs(001) substrate. b) Experimental dispersion for the HOMO band 
(filled circles) and the best fit curve (broken line) in the tight−binding model. 
Fig. 4.12. a) In situ I−V characteristics for Ag / DiMe−PTCDI / S−GaAs diodes for 
several  interlayer thicknesses. b) Effective barrier height for PTCDA and DiMe−PTCDI 
organic modified S−GaAs(100) diodes. 
Fig. 4.13. Energy level alignment on PTCDA and DiMe−PTCDI modified S−GaAs 
Schottky diodes proposed after evaluation of combined UPS and I−V measurements.  
Fig. 4.14. I−V characteristics and effective barrier height derived for hydrogen plasma 
treated GaAs(100) Schottky diodes modified for organic films of PTCDA. 
Fig. 5.1. Current−voltage characteristics for low and high doped hydrogen plasma 
treated GaAs(100) wafers. 
Fig. 5.2. Fitting of I−V characteristics for reference Schottky diodes of Ag / H+GaAs(100) 
using low and high doped wafers with a series resistance.  
Fig. 5.3. Temperature dependent I−V characteristics. 
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Fig. 5.4. a) Arrhenius’ plot of the saturation current and b) effective barrier height as a 
function of temperature. 
Fig. 5.5. Capacitance−voltage  characteristics (C−V) for a) high and b) low doped GaAs 
wafers at selected frequencies between 1 kHz and 1 MHz. 
Fig. 5.6. Change of the current density under reverse bias after AC measurements  (for 
a heavily doped Te:GaAs sample). 
Fig. 5.7. The effect of reverse bias on the charge state of deep traps. 
Fig. 5.8. Isothermal QTS at room temperature for the reference diode. 
Fig. 5.9. Barrier height determination for a) heavily and b) lighthly doped GaAs wafers at 
f = 10 kHz. 
Fig. 5.10. Equivalent circuit proposal for the reference diode 
Fig. 5.11 Impedance measurements showing the a) real and b) imaginary components 
for Ag / H+GaAs low doped Schottky (reference) diodes. 
Fig. 5.12. Linear dependence of the equivalent impedance against the inverse of the 
frequency. 
Fig. 5.13. Capacitance measured in series mode. 
Fig. 5.14. a) Equivalent circuit including the impedance of the back contact in the 
reference diode. b) Fitting results obtained with the refined model. 
Fig. 5.15. Set of isothermal QTS (IQTS) spectra taken at temperatures a) below 270K 
(labelled as low temperature peak) and b) above 270K (labelled as high temperature 
peak) 
Fig. 5.16. Deconvolution of IQTS spectrum in a set of Gaussian peaks. Spectra were 
taken at a) T = 238 K and b) T = 295 K. 
Fig. 5.17. Arrhenius’ plot for a) the low temperature peak and b) high temperature peak. 
Fig. 5.18. Set of isothermal IQTS for several temperatures taken for negative pulses on 
Ag contact. 
Fig. 5.19. Thermal QTS scans for several time constants. 
Fig. 5.20. Arrhenius plot for a) the low temperature feature around 220K.  b) the high 
temperature shoulder near to 280K. 
Fig. 5.21. Results of the I−V simulation for Ag / H+GaAs after evaluating I−V, C−V, 
impedance spectroscopy, photoemission and QTS measurements. 
Fig. 5.22. Energy band bending  for Ag / H+GaAs(100) Schottky diodes. 
Fig. 6.1. Valence band spectra of DiMe−PTCDI deposited on hydrogen passivated 
GaAs(100) (H+GaAs). 
Fig. 6.2. Energy level alignment at the organic / inorganic interface. 
Fig. 6.3. Valence band spectra for silver depositions on a 20nm thin film of 
DiMe−PTCDI. 
Fig. 6.4. The orientation of the interface dipoles at the metal / DiMe−PTCDI / H+GaAs 
device. 
Fig. 6.5. Interface dipole formed between the perylene derivatives PTCDA and 
DiMe−PTCDI respectively, as a function of the electron affinity of the GaAs substrate. 
Fig. 6.6. Energy level alignment at Ag / DiMe−PTCDI / S−GaAs heterostructure 
expected by application of the dipole rule. 
Fig. 6.7. Energy level alignment at Ag / DiMe−PTCDI / H+GaAs heterostructure derived 
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from application of the dipole rule. 
Fig. 6.8. IPES measurements of DiMe−PTCDI deposited on a sulphur passivated 
GaAs(100) substrate. 
Fig. 6.9. Energy level alignment of Ag / DiMe−PTCDI / S−GaAs heterostructure using a 
transport bandgap. 
Fig. 6.10. Energy level alignment at the Ag / DiMe−PTCDI / H+GaAs(100) 
heterostructure: a) with a DiMe−PTCDI transport bandgap of ( 2.64 eV ) as deduced 
from examination of the DiMe−PTCDI / S−GaAs system. b) with a DiMe−PTCDI  
transport bandgap of ( 2.58 eV ) for a better agreement with the experimental PES data.
Fig. 6.11. I−V characteristics of Ag / DiMe−PTCDI / H+GaAs(100) for several thickness 
of the organic layer. 
Fig. 6.12. C−V characteristics of DiMe−PTCDI modified diodes as a function of the 
organic layer thickness. The measurements were taken at a frequency of 1 MHz. 
Fig. 6.13. Model for the interpretation of the C−V characteristics of DiMe−PTCDI organic 
modified Schottky diodes. 
Fig. 6.14. Equivalent circuit proposed for the interpretation of C−V measurements of 
DiMe−PTCDI modified H+GaAs diodes at a fixed AC frequency. 
Fig. 6.15. Change in the capacitance of the reference diode induced by DiMe−PTCDI 
modification of the Schottky diodes. 
Fig. 7.1. Morphology of three samples with three different thickness of DiMe−PTCDI 
layers deposited on H+GaAs. 
Fig. 7.2. Isothermal QTS spectra of DiMe−PTCDI modified diodes at two selected 
temperatures. 
Fig. 7.3. Fitted  isothermal QTS spectra for DiMe−PTCDI thickness below 8 nm on 
H+GaAs substrates 
Fig. 7.4. Fitted  isothermal QTS spectra for DiMe−PTCDI thicknesses higher than 8 nm 
on H+GaAs substrates. 
Fig. 7.5. Real (Zr) and imaginary (Zim) parts of the impedance for organic−modified 
diodes as a function of the organic layer thickness. The measured range was between 
1 KHz and 1 MHz. 
Fig. 7.6. Equivalent circuit for interpretation of impedance measurements on 
Ag / DiMe−PTCDI / H+GaAs diodes. 
Fig. 7.7. Fitting of the real part of  impedance measurements as a function of the 
organic layer thickness. 
Fig. 7.8. Best fitting results of the I−V characteristics for DiMe−PTCDI modified H+GaAs 
diodes. 
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Table 4.1. Fixed parameters for the fit of Ga3d and As3d core level spectra. 
 
Table 4.2. Evolution of the Gaussian contribution as a function of DiMe−PTCDI 
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 Appendix 
 
A. Technical specifications for GaAs wafer 
 
Growth method Vertical Gradient Freeze 
Dopant Low silicon 
Orientation (100) ± 0.1° 
Diameter dimensions / mm 50.5 ± 0.5 
Flat option EJ 
Major flat length / mm 16.0 ± 0.5 
Minor flat length / mm 8.1 ± 0.5 
Surface finish form Double side polished 
Thickness / µm 366-370 
Resistivity / Ω-1cm-1 Seed end = 9.00 × 10-1      Tail end = 1.50 × 10-1       
Hall mobility / cm2V-1s-1 Seed end = 5100               Tail end = 3399      
Carrier concentration / cm-3 Seed end = 1.40 × 1015      Tail end = 1.30 × 1016       
Average EPD / cm-2 Seed end = 1200                Tail end = 890      
 
B. GaAs parameters (dessis.par file) 
 
Material = "GaAs" { 
Epsilon 
{ *  Ratio of the permittivities of material and vacuum 
  * epsilon() = epsilon 
        epsilon        = 13.18        # [1] 
} 
 
RefractiveIndex 
{ *  Optical Refractive Index 
  * refractiveindex() = refractiveindex * (1 + aplpha * (T-Tpar)) 
        refractiveindex        = 3.5108        # [1] 
        alpha        = 4.0000e-04        # [1/K] 
        Tpar        = 3.0000e+02        # [K] 
} 
 
LatticeHeatCapacity 
{ *  lumped electron-hole-lattice heat capacity 
 
  * cv() = cv + cv_b * T + cv_c * T^2 + cv_d * T^3  
        cv        = 1.6        # [J/(K cm^3)] 
        cv_b        = 0.0000e+00        # [J/(K^2 cm^3)] 
        cv_c        = 0.0000e+00        # [J/(K^3 cm^3)] 
        cv_d        = 0.0000e+00        # [J/(K^4 cm^3)] 
} 
 
Kappa 
{ *  Lattice thermal conductivity 
 
  * Formula = 1: 
  * kappa() = kappa + kappa_b * T + kappa_c * T^2  
        kappa        = 0.46        # [W/(K cm)] 
        kappa_b        = 0.0000e+00        # [W/(K^2 cm)] 
        kappa_c        = 0.0000e+00        # [W/(K^3 cm)] 
} 
 
EnergyRelaxationTime 
{ *  Energy relaxation times in picoseconds 
        (tau_w)_ele        = 1        # [ps] 
        (tau_w)_hol        = 0.4        # [ps] 
 
* Below is the example of energy relaxation time approximation 
 * by the ratio of two irrational polynomials. 
 * If Wmax(interval-1) < Wc < Wmax(interval), then: 
 * tau_w = (tau_w)*(Numerator^Gn)/(Denominator^Gd), 
 * where (Numerator or Denominator)=SIGMA[A(i)(Wc^P(i))], 
 * Wc=(k*Tcar)/q (in eV).
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 * By default: Wmin(0)=Wmax(-1)=0; Wmax(0)=infinity. 
 * The option can be activated by specifying appropriate Formula equal to 2. 
 *      Formula(tau_w)_ele = 2 
 *      Formula(tau_w)_hol = 2 
 *      Wmax(interval)_ele =  
 *      (tau_w)_ele(interval)     =      
 *      Numerator(interval)_ele{ 
 *        A(0)  =  
 *        P(0)  =  
 *        A(1)  =  
 *        P(1)  =  
 *        G     =  
 *      } 
 
*      Denominator(interval)_ele{ 
 *        A(0)  =  
 *        P(0)  =  
 *        G     =  
 *      } 
 
 *      Wmax(interval)_hol =  
 *      (tau_w)_hol(interval)     =   
} 
AvalancheFactors 
{ *  Coefficientss for avalanche generation with hydro 
  *  Factors n_l_f, p_l_f for energy relaxation length in the expressions 
  *  for effective electric field for avalanche generation 
  *  eEeff = eEeff / n_l_f  ( or b = b*n_l_f )  
  *  hEeff = hEeff / p_l_f  ( or b = b*p_l_f )  
  *  Additional coefficients n_gamma, p_gamma, n_delta, p_delta  
        n_l_f        = 0.8        # [1] 
        p_l_f        = 0.8        # [1] 
        n_gamma        = 0.0000e+00        # [1] 
        p_gamma        = 0.0000e+00        # [1] 
        n_delta        = 0.0000e+00        # [1] 
        p_delta        = 0.0000e+00        # [1] 
} 
 
Bandgap 
{ * Eg = Eg0 + alpha Tpar^2 / (beta + Tpar) - alpha T^2 / (beta + T) 
  * Parameter 'Tpar' specifies the value of lattice  
  * temperature, at which parameters below are defined 
  * Chi0 is electron affinity. 
        Chi0        = 4.07        # [eV] 
        Bgn2Chi        = 0.5        # [1] 
        Eg0        = 1.519        # [eV] 
        alpha        = 5.4050e-04        # [eV K^-1] 
        beta        = 2.0400e+02        # [K] 
        Tpar        = 0.0000e+00        # [K] 
} 
 
TableBGN 
{ * In the band-gap narrowing table, a list of concentrations 
  * and the bandgap narrowing for them can be specified. 
  * The first possibility is to specify total concentrations (the sum 
  * of acceptor and donor concentration) and the band gap narrowing, 
  * and then the table entries have the form: 
  *   Total       Nt, deltaEg   # [ cm-3, eV ] 
  * The second possibility is to specify the band gap narrowing for 
  * acceptors and donors separately (This must not be combined with 
  * specification of total concentrations).  The bandgap narrowing 
  * then will be the sum of both contributions; if no acceptor or donor 
  * entry exists, the respective bandgap narrowing contribution is 0. 
  * The entries take the form: 
  *   Donor       Nd, deltaEg   # [ cm-3, eV ] 
  *   Acceptor    Na, deltaEg   # [ cm-3, eV ] 
  * For each of the two possibilities, any number of table entries might 
  * be given in any order.  For concentrations which are below (above) 
  * the smallest (largest) concentration specified in the appropriate 
  * table, the bandgap narrowing associated to the smallest (largest) 
  * entry is assumed.  For concentration which fall in between table 
  * entries, the bandgap narrowing is assumed to be linear in the 
  * logarithm of the respective concentration and is interpolated 
  * accordingly. 
  Donor     1.0000e+16,   0.0000e+00   # [ cm-3, eV ] 
  Donor     1.4100e+17,   0.0176   # [ cm-3, eV ] 
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  Donor     1.8900e+17,   0.0145   # [ cm-3, eV ] 
  Donor     7.2000e+17,   0.0137   # [ cm-3, eV ] 
  Donor     1.3900e+18,   6.6000e-03   # [ cm-3, eV ] 
  Donor     2.0300e+18,   -1.6000e-03   # [ cm-3, eV ] 
  Donor     4.2000e+18,   -2.5100e-02   # [ cm-3, eV ] 
  Acceptor  1.0000e+17,   0.0000e+00   # [ cm-3, eV ] 
  Acceptor  1.4000e+18,   0.0303   # [ cm-3, eV ] 
  Acceptor  2.6000e+18,   0.0324   # [ cm-3, eV ] 
  Acceptor  3.1000e+18,   0.036   # [ cm-3, eV ] 
  Acceptor  4.6000e+18,   0.0453   # [ cm-3, eV ] 
  Acceptor  1.0000e+19,   0.0507   # [ cm-3, eV ] 
  Acceptor  2.2000e+19,   0.0525   # [ cm-3, eV ] 
  Acceptor  2.6000e+19,   0.0498   # [ cm-3, eV ] 
  Acceptor  4.1000e+19,   0.0477   # [ cm-3, eV ] 
  Acceptor  4.3000e+19,   0.0444   # [ cm-3, eV ] 
  Acceptor  6.0000e+19,   0.0476   # [ cm-3, eV ] 
  Acceptor  7.5900e+19,   0.0394   # [ cm-3, eV ] 
  Acceptor  9.7300e+19,   0.0362   # [ cm-3, eV ] 
  Acceptor  1.2800e+20,   0.0302   # [ cm-3, eV ] 
  Acceptor  1.3500e+20,   0.03   # [ cm-3, eV ] 
  Acceptor  1.3900e+20,   0.0299   # [ cm-3, eV ] 
} 
 
QWStrain 
{ 
  * Deformation Potentials (a_nu, a_c, b, C_12, C_11 
  * and StrainConstant eps for energy shift 
  * of Laser Quantum Well Subbands: 
  * Formula: 
  * eps = (a_bulk - a_active)/a_bulk  
  * dE_c = 2 a_c (1- C12/C11) eps  
  * dE_lh = 2 a_nu (1- C12/C11) eps - b (1+ 2 C12/C11) eps  
  * dE_hh = 2 a_nu (1- C12/C11) eps + b (1+ 2 C12/C11) eps  
        * a_nu        = 1.16        # [eV] 
        * a_c        = -7.1700e+00        # [eV] 
        * b_shear        = -1.7000e+00        # [eV] 
        * C_11        = 11.879        # [1] 
        * C_12        = 5.376        # [1] 
        eps        = 0.0000e+00        # [1] 
} 
 
eDOSMass 
{ 
  * For effective mass specificatition Formula1 (me approximation): 
  * or Formula2 (Nc300) can be used : 
        Formula        = 2        # [1] 
  * Formula2: 
  * me/m0 = (Nc300/2.540e19)^2/3  
  * Nc(T) = Nc300 * (T/300)^3/2  
        Nc300        = 4.4200e+17        # [cm-3] 
} 
 
hDOSMass 
{ 
  * For effective mass specificatition Formula1 (mh approximation): 
  * or Formula2 (Nv300) can be used : 
        Formula        = 2        # [1] 
  * Formula2: 
  * mh/m0 = (Nv300/2.540e19)^2/3  
  * Nv(T) = Nv300 * (T/300)^3/2  
        Nv300        = 8.4700e+18        # [cm-3] 
} 
 
SchroedingerParameters: 
{ * For the hole masses for Schroedinger equation you can 
  * use different formulas. 
  * formula=1 (for materials with Si-like hole band structure) 
  *   m(k)/m0=1/(A+-sqrt(B+C*((xy)^2+(yz)^2+(zx)^2))) 
  *   where k=(x,y,z) is unit normal vector in reziprocal 
  *   space.  '+' for light hole band, '-' for heavy hole band 
  * formula=2: Heavy hole mass mh and light hole mass ml are 
  *   specified explicitly. 
  * formula=3: A is the relative effective mass.  This 
  *   formula must only be used for metal and will used in 
  *   tunnelling current computation only. 
  * formula<0 means no default model and no default parameters 
  *   are available, so you have to provide values for 
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  *   'formula' and the respective parameters in order to use 
  *   this parameter set. 
        formula        = 2        # [1] 
  * Formula 2 parameters: 
        ml        = 0.074        # [1] 
        mh        = 0.62        # [1] 
} 
 
ConstantMobility: 
{ * mu_const = mumax (T/T0)^(-Exponent) 
        mumax        = 8.5000e+03 ,        4.0000e+02        # [cm^2/(Vs)] 
        Exponent        = 1 ,        2.1        # [1] 
} 
 
DopingDependence: 
{ 
  * For doping dependent mobility model three formulas 
  * can be used. Formula1 is based on Masetti et al. approximation. 
  * Formula2 uses approximation, suggested by Arora. 
        formula        = 2 ,        2        # [1] 
  * If formula=2, model suggested by Arora is used: 
  * mu_dop = muminA + mudA/(1.+(N/N00)^AA), 
  * where muminA=Ar_mumin*(T/T0)^Ar_alm; mudA = Ar_mud*(T/T0)^Ar_ald 
  * N is net doping 
  * N00=Ar_N0*(T/T0)^Ar_alN; AA = Ar_a*(T/T0)^Ar_ala 
        Ar_mumin        = 2.1360e+03 ,        21.48        # [cm^2/Vs] 
        Ar_alm          = -7.4570e-01 ,        -1.1240e+00        # [1] 
        Ar_mud          = 6.3310e+03 ,        3.3120e+02        # [cm^2/Vs] 
        Ar_ald          = -2.6870e+00 ,        -2.3660e+00        # [1] 
        Ar_N0           = 7.3450e+16 ,        5.1360e+17        # [cm^(-3)] 
        Ar_alN          = 3.535 ,        3.69        # [1] 
        Ar_a            = 0.6273 ,        0.8057        # [1] 
        Ar_ala          = -1.4410e-01 ,        0.0000e+00        # [1] 
} 
 
HighFieldDependence: 
{ * Caughey-Thomas model: 
  * mu_highfield = mu_lowfield / ( 1 + (mu_lowfield E / vsat)^beta )^1/beta 
  * beta = beta0 (T/T0)^betaexp. 
        beta0        = 2 ,        2        # [1] 
        betaexp        = 0.0000e+00 ,        0.0000e+00        # [1] 
 
  * Smoothing parameter for HydroHighField Caughey-Thomas model: 
  * if Tl < Tc < (1+K_dT)*Tl, then smoothing between low field mobility 
  * and HydroHighField mobility is used. 
        K_dT        = 0.2 ,        0.2        # [1] 
  * Transferred-Electron Effect: 
  * mu_highfield = (mu_lowfield+(vsat/E)*(E/E0_TrEf)^4)/(1+(E/E0_TrEf)^4) 
        E0_TrEf        = 4.0000e+03 ,        4.0000e+03        # [1] 
        Ksmooth_TrEf        = 1 ,        1        # [1] 
 
 * For vsat either Formula1 or Formula2 can be used. 
        Vsat_Formula        = 2 ,        2        # [1] 
 * Formula2 for saturation velocity: 
 *            vsat = A_vsat - B_vsat*(T/T0) 
 * (Parameter Vsat_Formula has to be equal to 2): 
        A_vsat        = 1.1300e+07 ,        1.1300e+07        # [1] 
        B_vsat        = 3.6000e+06 ,        3.6000e+06        # [1] 
        vsat_min        = 5.0000e+05 ,        5.0000e+05        # [1] 
} 
 
Scharfetter * relation and trap level for SRH recombination: 
{ * tau = taumin + ( taumax - taumin ) / ( 1 + ( N/Nref )^gamma) 
  * tau(T) = tau * ( (T/300)^Talpha )          (TempDep) 
  * tau(T) = tau * exp( Tcoeff * ((T/300)-1) ) (ExpTempDep) 
        taumin        = 0.0000e+00 ,        0.0000e+00        # [s] 
        taumax        = 1.0000e-09 ,        1.0000e-09        # [s] 
        Nref        = 1.0000e+16 ,        1.0000e+16        # [cm^(-3)] 
        gamma        = 1 ,        1        # [1] 
        Talpha        = 0.0000e+00 ,        0.0000e+00        # [1] 
        Tcoeff        = 0.0000e+00 ,        0.0000e+00        # [1] 
        Etrap        = 0.0000e+00        # [eV] 
} 
 
Auger * coefficients: 
{ * R_Auger = ( C_n n + C_p p ) ( n p - ni_eff^2) 
  * with C_n,p = (A + B (T/T0) + C (T/T0)^2) (1 + H exp(-{n,p}/N0)) 
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        A        = 1.0000e-30 ,        1.0000e-30        # [cm^6/s] 
        B        = 0.0000e+00 ,        0.0000e+00        # [cm^6/s] 
        C        = 0.0000e+00 ,        0.0000e+00        # [cm^6/s] 
        H        = 0.0000e+00 ,        0.0000e+00        # [1] 
        N0        = 1.0000e+18 ,        1.0000e+18        # [cm^(-3)] 
} 
 
PooleFrenkel 
{ * TrapXsection = Xsec0*(1+Gpf)  
  * Gpf = (1+(a-1)*exp(a))/a^2-0.5  
  * where  
  *       a = (1/kT)*(q^3*F/pi/e0/epsPF)^0.5,  
  *       F is the electric field.  
        epsPF        = 13.18 ,        13.18        # [1] 
} 
 
vanOverstraetendeMan * Impact Ionization: 
{ * G_impact = alpha_n n v_drift_n  +  alpha_p p v_drift_p 
  * with alpha = gamma a  exp(-b gamma/E) for E<E0 (low) and E>E0 (high) 
  *  with gamma = tanh(hbarOmega/(2kT0)) / tanh(hbarOmega/(2kT)) 
        a(low)        = 4.0000e+06 ,        1.3400e+06        # [1/cm] 
        a(high)        = 4.0000e+06 ,        1.3400e+06        # [1/cm] 
        b(low)        = 2.3000e+06 ,        2.0300e+06        # [V/cm] 
        b(high)        = 2.3000e+06 ,        2.0300e+06        # [V/cm] 
        E0        = 4.0000e+05 ,        4.0000e+05        # [V/cm] 
        hbarOmega        = 0.035 ,        0.035        # [eV] 
} 
 
 
BarrierTunneling   
{ * Non Local Barrier Tunneling  
  * G(r) = g*A*T/kB*F(r)*Pt(r)*ln[(1+exp((E(r)-Es)/kB/T))/(1+exp((E(r)-Em)/kB/T))] 
  * where:  
  *     Pt(r) is WKB approximation for the tunneling probability  
  *     g = As/A, As is the Richardson constant for carriers in semiconductor 
  *     A is the Richardson constant for free electrons  
  *     F(r) is the electric field  
  *     E(r) is carrier energy  
  *     Es is carrier quasi fermi energy in semiconductor 
  *     Em is carrier fermi energy in metal  
        g        = 0.068 ,        0.62        # [1] 
        mt        = 0.1 ,        0.1        # [1] 
} 
RadiativeRecombination * coefficients: 
{ * R_Radiative = C (n p - ni_eff^2) 
         C        = 2.0000e-10        # [cm^3/s] 
} 
} 
 
 
C. Source code in the command file (Des.cmd) 
 
File {  
  * input files:  
  Grid=   "mdr_mdr.grd"  
  Doping= "mdr_mdr.dat"  
  Parameter= "dessis.par"  
  * output files:  
  Plot=   "EL200eV69E15.dat"  
  Current="EL200eV69E15.plt"  
  Output= "output1.log"  
}  
 
Electrode {        ** define Electrodes (assign to name, type, voltage and resistance [if ohmic] to contacts defined in MDRAW)  
        {name="Top"  
        voltage=-1.0  
        Barrier=0.86  
        Schottky  
        Areafactor=3e4}        ** current density [mAcm^-2]: 105m x 1e03 = 1cm --> 1e03 x 1e03 (latter factor for A --> mA)  
        {name="Bottom"  
        voltage=0.0  
        Resist=10  
        *Barrier=0.00 Schottky  
        }  
}  
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Physics        {                  
        Mobility (  
                DopingDependence  
                eHighFieldSaturation  
                Enormal  
                 )  
        EffectiveIntrinsicDensity ( BandGapnarrowing (BennettWilson) )  
        Recombination (  
                SRH ( DopingDependence)  
                *TrapAssistedAuger  
                )  
        Traps         (  
                        (  
                        Acceptor  
                        *Donor  
                        Level  
                        *Gaussian  
                        fromCondBand  
                        Conc = 3.08E15  
                        EnergyMid = 0.42  
                        ElectricField  
                        )  
                        (  
                        Acceptor  
                        *Donor  
                        Level  
                        *Gaussian  
                        fromCondBand  
                        Conc = 6.9E15  
                        EnergyMid = 0.0  
                        ElectricField  
                        )  
                )  
}  
 
Physics (Electrode = "Top")        { BarrierLowering }  
 
Math         {        * used to set options for the iteration algorithm and the models involved/switched on  
        Extrapolate  
        NotDamped=1000  
        *Iterations=100  
        NewDiscretization  
        RecomputeQFP  
        Derivatives  
        RelerrControl  
        Digits=6  
        TransientDigits=4        *3  
        CheckTransientError  
        Method=Slip                *Blocked  
        SubMethod=Slip  
        Smooth  
        *ExitOnFailure          
}  
 
Solve         {  
        plugin        (BreakOnFailure Iterations=100)  
        {  
                coupled (Iterations=300 Method=Slip) {poisson}  
                coupled (Iterations=300 Method=Slip) {poisson electron hole}  
        }  
        Quasistationary         (  
                        InitialStep=1e-02 MaxStep=1e-02 MinStep=1e-06  
                        Increment=1.1  
                        Goal { Name="Top" Voltage=0.65 }  
                        plot {range=(-1.0,0.65) intervals=17}  
                        )  
                        {  
                        coupled (Iterations=30 Method=Slip)        {poisson electron hole}  
                        }  
}  
 
Plot        {        * define the magnitudes to be saved  
         eCurrent/vector hCurrent/vector current/vector  
         SpaceCharge eDensity hDensity  
         Potential  
} 
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